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*Member, Committee on Research. 
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Panel Heating and Cooling: Steering Committee: P. B. Gordon, Chairman; A. B. 
Algren*, John W. James*, J. S. Locke, S. K. Smith. 


Group A—Heat Distribution Within and Behind the Panel: A. B. Algren*, 
Chairman; C. E. Abbey, R. A. Biggs, R. S. Dill, H. L. Flodin, F. E. Giesecke, 
W. S. Harris, C. F. Kayan, G. D. Lain, R. L. Maher, C. W. Meininger, 
D. L. Mills, C. W. Nessell, P. S. Park, S. I. Rottmayer, E. E. Scott, S. K. Smith, 
R. K. Thulman, S. M. Van Kirk, W. J. Widmer, G. L. Wiggs. 

Group B—Heat Transfer Between the Panel and the Space: John W. James*, 
Chairman, H. F. Randolph, Vice Chairman; C. M. Ashley, J. T. Bergen, C. F. 
Boester, Wharton Clay, Linn Helander, A. L. Jaros, Jr., H. A. Lockhart, W. E. 
Long, C. O. Mackey, R. A. Miller, G. W. Penney, G. G. Sward, J. M. van 
Nieukerken, H. E. Wheeler. 

Group D—Controls: J. S. Locke, Chairman; H. W. Alyea, S. D. Browne, R. L. 
Campbell, C. M. Garner, P. B. Gordon, W. J. Hajek, A. J. Keating, W. H. 
Kliever, H. T. Kucera, P. F. Neess, J. K. M. Pryke, E. J. Ritchie, C. W. Signor, 
N. D. Skinner, A. S. Widdowfield. 


Physiological Research: R. W. Keeton, M.D., Chairman; Thomas Bedford, A. R. 
Behnke, Capt., MC, USN, E. W. Brown, M.D., A. C. Burton, M.D., E. F. DuBois, 
M.D., A. P. Gagge, Lt. Col, MSC, USAF, F. K. Hick, M.D., John W. James*, 
D. H. K. Lee, M.D., Charles Sheard, C. L. Taylor, C.-E. A. Winslow. 


Sensations of Comfort: C. S. Leopold, Chairman; L. T. Avery, John Everetts, -Jr., 
Nathaniel Glickman, W. A. Grant*, A. J. Hess, E. J. Rodee. 


Sorbents: John Everetts, Jr., Chairman; G. C. F. Asker, I. W. Cotton*, F. C. Dehler, 
A. S. Gates, Jr., E. W. Gifford, E. R. McLaughlin, J. C. Patterson, G. L. Simpson, 
F. J. Swaney. 


Sound Control: T. A. Walters, Chairman; C. M. Ashley, John Cassie, P. H. Geiger, 
Sidney Gordon, H. C. Hardy, F. B. Holgate, G. C. Kerr, M. W. Keyes, R. D. Madi- 
son*, T. H. Troller, George Wohlberg. 


*Member, Committee on Research. 
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Local Chapter Officers—1949 


Atlanta 


Organized 1937 
Headquarters, Atlanta 


A. Player 
Board of Governors: L. L. Barnes, C. V. Fenn 


Baltimore 
Organized 1949 
Headquarters, Baltimore 


Secretary. . 

‘Treasurer E. 

Board of Governors: R. E. Dressell, E. Ee ‘Kent, 
J. F. Malone 


Central New York 


Organized 1944 
Hearquarters, Syracuse 


A. L. Jones 
J. H. Carpenter 
F. E. Krell 


or of Governors: J. H. Carpenter, V. S. Day, 
Jones, F. E. Krell, R. L. Manier, 
B. L. Mills, P. D. Robson 


Central Ohio 
Organized 1944 
Headquarters, Columbus 


E. A. Norman, Jr. 
H. G. Hays 
R. 8. Curl 
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Board of Governors: T. H. Bell, A. D. Bogen, 

R. S. Curl, R. B. Engdahl, H. G. Hays, 


W. M. Myler, Jr., E. A. Norman, Jr. 


Cincinnati 
Organized 1932 
Headquarters, Cincinnati 


K. B. Little 
E. W. McNamee 
D. J. Wood 
Board of Governors: K. B 


Little, E. wW. 
McNamee, M. E. Matthewson, C. D 
Weaver, Jr., D. J. Wood 


Connecticut 
Organized 1940 
Headquarters, New Haven 


D. M. Hummel 
T. L. Arnold 
A. J. Lawless 


Board of Governors: E. C. Marsden, G. F. 
Nieske, J. R. Smak 


* Filled unexpired term. 


Delta 


Organized 1939 
Headquarters, New Orleans 


R. B. Guest 
Ralph Elizardi 
Theodore Offner 


Board of Governors: L. V. Busenlener, Harold 


Salaun, A. R. Salzer, Jr. 
Golden Gate 
Organized 1937 


Headquarters, San Francisco 


K. F. Baldwin, Jr. 
R. C. Cushing 
P. R. Babcock 
Board of Governors: John Everetts, Jr., T. J. 

Janes, F. W. Kolb, H. R. Scandrett, T. J. 

White* 

Illinois 
Organized 1906 
Headquarters, Chicago 

J. S. Kearney 
P. J. Marschall 


H. G. Chapin 
Board of Governors: M. J. Bamond, M. W. 
Bishop, W. Bornquist, H. G. Chapin, 
J. S. Kearney, P. J. Marschall, G. V. Zintel 


Organized 1943 
Headquarters, Indianapolis 


W. R. Fenstermaker 
Vico-Presidiemt......cccccccccscces C. F. A. Locke 
F. C. Barton 
F. A. Stickle 
Board of Governors: W. E. Goohs, C. H. 


Hagedon, P. R. Jordan 


Iowa 


Organized 1940 
Headquarters, Des Moines 


R. S. Stover 
Cc. P. North 
Board of Governors: C. H. McGuiness, D. C. 


Murphy, J. F. Sandfort 


Kansas City 


Organized 1917 
Headquarters, Kansas City, Mo. 


Henry Nottberg, Jr. 
W. E. Howarth 
Secretary C. 


Board of Governors: D. 
. Mart 


M. hiten” E. Gould, 


President E. L. Crosby ee 
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LOCAL CHAPTER OFFICERS—1949 (continued) 


Manitoba 
Organized 1985 
Headquarters, 


President....... ‘ W. Moss 
Vice-President....... we F. Michie 
Secretary-Treasurer................ C. M. Fleming 


Board of Governors: J. A. Bell, J. F. Bertram, 
C. M. Fleming, D. F. Michie, A. W. Moss. 
A. K. Piercy, E. H. Price, J. R. Stephenson 


Massachusetts 
Organized 1912 
Headquarters, Boston 


W. H. Shipp 
Secretary....... J. P. Licandro, W. A. Williams* 
Cc. H. Dow 


Board of Governor w. a E. L. Blair, 
John Bonner, C. “HL ‘Dow, R . T. Kern, J. P. 
Licandro, W. H. Shipp, H. L. Von Rehberg, 
G. B. Torrens*, W. A. Williams 


Memphis 
Organized 1944 
Headquarters, Memphis 


W. L. Wellford, Jr. 
A. T. Bevil 
R. W. Johnson 


Board of Governors: A. T. Bevil, C. S. Fischer, 
T. O. S. Humphrey, Jr., R. W. Johnson, 
J. B. Lammons, . Ledbetter, E. E. 
Scott, W. L. Wellford, Jr. 


Michigan 
Organized 1916 
Headquarters, Detroit 


L. A. Burch 
Vice-President. C. F. Donohoe 
J. H. Spurgeon 
G. W. Akers 


Board of Governors: E. H. Clark, E. F. Hyde, 
T. H. Mabley, R. H. Oberschulte 


Minnesota 
Organized 1918 
Headquarters, Minneapolis 


R. C. Jordan 
Board of Governors: C. L. Benson, C. P. Peter- 
son, O. L. Lilja 
Montreal 
Organized 1936 
Headquartefs, Montreal, Que. 
President... S. W. Salter 
R. R. Noyes 
T. G. Anglin 
Board of Governors: Leo Garneau, B. 


Horsburgh, R. S. Libby, F. G. Phipps, 8. R. 
Plamondon 


* Filled unexpired term. 


Nebraska 
Organized 1940 
Headquarters, Omaha 


Carter 
G. W. Colburn 
K. E. Martin 


Board of Governors: 8. W. Black, C. A. Carter, 
G. W. Colburn, R. Magarrell, 
Martin, B. G. Peterson, O. J. Smith 


New York 


Organized 1911 
Headquarters, New York 
H. S. Johnson 
Vice-President 
Secretary. . 


Board of oe: A. A. Bearman, M. C. 
Giannini, P. B. Gordon, Ernst Graber, J. E. 
Schechter 


North Carolina 


Organized 1939 
Headquarters, 


eParx Stimson 
M. F. DuChateau 
Secretary-Treasurer........... R. B. Crosland, = 
Board of Governors: E. 8. Dewitt, R. 


McGary, 8. J. Nicholson 


North Texas 
Organized 1938 
Headquarters, Dallas 


G. A. Linskie 
A. B. Ulrich, Jr. 
R. E. Allison 


Board of Governors: J. P. Ashcraft, B. S. Foss, 
Jr., C. Rollins Gardner, E. T. Gessell 
Northeastern Oklahoma 


Organized 1948 
Headquarters, Tulsa 


W. R. Lee 

A. D. Holmes 

Secretary .R. F. Shoemaker 

J. N. Watt 

Board of Governors: Edwin Jones, L. S. Reagan, 
W. C. Roads 


Northern Ohio 
Organized 1916 
Headquarters, 


Vice-President.......... M. Rowe 
G. V. Parmelee 


Board of Governors: D. E. Mannen, Jr., W. R. 
Moore, John Richmond 
Oklahoma 


Organized 1985 
Headquarters, Oklahoma City 


R. E. Swan 


Board of Governors: G. T. Donceel, Ww. W 
Frankfurt, J. H. Spaan, Jr. 
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LOCAL CHAPTER OFFICERS—1949 (continued) 


Ontario St. Louis 
Organized 1918 
Headquarters, St. Louis 


Organized 1922 


Headquarters, Toronto W. A. Russell 
A. J. Strain Ist Vice-President............... J. 8. Rosebrough 
H. R. Roth C. Sharp 
Board of Governors: A. Baxter, N. W. Es ccxtcdttecantindsantaloebaes L. Hamig 
Kingsland, William Philip. E. G. Spall Board of re: G. H. Tet = Be 
Clucas, B. L. Evans, G. W. Pieksen 
Oregon Shreveport 
Organized 1939 Organized 1948 
Headquarters, Shreveport 
Headquarters, Portland A. H. Otto 
President... J.P. McDermott B. E. Segall, Jr. 
Vice-President. ---R.C. Chewning Ss. W. Beatty 
Secretary...... -K. H. Hanson R. M. Hood 
cacniidtecchacshaannnesesipshs A. Cc. Lark Board of Governors: 8. W. Beatty, W. 8. 
Board of Governors : K. N. Flocke, A. N. Hoss, Evans, W. E. FitzGerald, R. M. Hood, 
E. R. Lokey, W. A. Simpson A. H. Otto, P. O. Rottmann, B. E. Segall, Jr. 
Pacific Northwest Seuth Texes 
: Organized 1938 
Organized 1928 Headquarters, Houston 
le, Wash. . J. Salinger 
J. D. Sparks Secretary G. J. Collins 
Board of Governors: R. E. Armstrong, E. G. 
Floeter, D. M. Mills, C. C. Quin, dr. 
Board of Governors: L. L. Bysom, R. R. Kirk- 
wood, E. H. Langdon, R. D. Morse, C. A. Pe ‘dams 
Pangborn, W. B. Pride, J. D. Sparks n C 
Organized 1930 
Headquarters, Los Angeles 
Philadelphia President. J . L. Blake 
Organized 1916 M. C. Greiner 
President Headquarters, of Governors: R. S. Farr, A. J. Hess, 
Ist Vice-President................. J. W. McElgin Maron Kennedy, J. F. Park, W. O. Stewart 
2nd Vice-President...............+. E. K. Wagner 
C. F. Dietz Southwest Texas 
M. E. Barnard 
Board of Governors: M. E. Barnard, F. H. Organized 1946 
Buzzard, L. M. Church, C. F. Dietz, } ae Headquarters, San Antonio 
Kirkbride, J. W. McElgin, E. K. Wagner President.......... eatbndsenbuageneited G. R. Rhine 
L. S. Pawkett 
oard of Governors W. Barnes, F. C. Ben- 
Pheshasgh ham, Jr., R. J. Bernhardt, Allan Henry, 


Organized 1919 D. E. Locher, G. R. Rhine, A. J. Rummel 


Headquarters, Pittsburgh Utah 
H. J. Kirkendall 
A. F. Metzger Organized 1944 
idan ideanédeseiwed E. H. Riesmeyer, Jr. Headquarters, Salt Lake City 
Board of Governors: H. E. Park, W. Simp- East 
son, B. R. Small 


Board of Governors: J. L. Vv. 
D. B. Holford, R. A. Pons, E. J. Watts 


Rocky Mountain 


Virginia 
Organized 1944 Organized 1946 
Headquarters, Denver, Colo. Headquarters, Norfolk 
E. J. McEahern J. E. White 
W. Peterson W. P. Robinson 
W. Cooper W. C. Urrutia 
Board of Governors: F. C. = B. A. Brick- Board of Governors: E. D. Duval, W. P. Rob- 
ham, Fred Janssen inson, J. J. Shanahan, R. C. Thomas 
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Washington, D, C. 
Organized 1935 
Headquarters, Washington, D. C. 


P. R. Achenbach 
J. G. Muirhead 
R. L. Bridgman 
Board of Governors: John Everetts, Jr., A. S. 


Gates, Jr., W. C. Jones, G. R. Walz* 


Western Michigan 


Organized 1931 
Headquarters, Grand Rapids 


J. L. Alexander 
V. H. Hill 
Board of Governors: W. C. DeReo, H. &. 


Limbacher, H. W. Wolters 


Western New York 


Organized 1919 
Headquarters, Buffalo 


F. J. Weber 
Ist Vice-President...........ssesseess J. H. Bryce 
2nd T. F. Killeen 
Board of Governors: M. C. man Joseph 


Davis, W. R. Heath, S. M. Quackenbush, 
Edwin Woolcock 


Wisconsin 


Organized 1922 
Headquarters, Milwaukee 


J. A. Lofte 


Board of E. W. Gifford, W. F. 
Goldsmith, W. A. Ouweneel 


Student Branches 


College of City of New York 
Organized 1949 


Headquarters, New York 
President........ .I. Kleinman..N. Moskowitz 
Vice-President. . M. Shakun..M. H. Segner 
Recording Secretary. .D. Dengeles..S. Oestreicher 


Corresponding Secretary........... W. R. Spencer, 
R. A. Alpert 
Treasurer....... M. H. Segner..T. C. T. Roberts 


Louisiana Polytechnic Institute 
Organized 1949 
Headquarters, Ruston, La. 


J. F. Yoder, Jr...J. C. Cox 
Vice-President........ J. B. Williams..G. B. Hall 
K. -H. D. Hayes 
W. M. Gill..J. R. Williams 

North Carolina State College 

Organized 1948 

Headquarters, Raleigh, N. C. 
Vice-President.............. J. W. Westbrook, Jr. 
E. A. Stroupe 
W. L. Glasgow 


Oregon State College 


Organized 1949 
Corvallis 


President......... J.8 os Jr...M. B. Larson 
Vice-President........ B. L. Hansen..R. D. Reese 
B. W. Carkin. 


Helen P. Lankow 
* Filled unexpired term. 
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Purdue University 


Organized 1948 
W. Lafayette 


Chairman........ E. Naftzger..C. M. Sallman 
Vice-Chairman......... L. M. Zoss..P. D. Bailey 
Secretary. . M. Wade..D. M. Williams 
Reporter.... Roberts. .W. 
Coordinator........-. C. M. Sallman.. . Ford 


Texas A. & M. College 
Organized 1946 
Headquarters, College 


Hughes 
W. J. Bowen 
E. Rovinsky 


Board of Governors: W. E. Long, J. S. Hopper, 
W. W. Caudill 


Uni ity of D A 


Organized 1949 
Headquarters, Detroit 
L. M. Blanchette 
A. F. Lewis 
S. H. Kosinski 
R. E. Seaton 


University of Kansas 


Organized 1949 


Headquarters, Lawrence, Kans. 
L. H. Noil 


University of Texas 
Organized 1949 
Headquarters, Austin 


Secretary-Treasurer................G. G. Marwill 
|| 


No. 1349 


FIFTY-FIFTH ANNUAL MEETING, 1949 


Cuicaco, ILL. 


HE 55th Annual Meeting of THe AMERICAN Society OF HEATING AND 

VENTILATING ENGINEERS was held in the Stevens Hotel, Chicago, IIl., 
January 24-27, 1949. Establishing a new attendance record for Society meet- 
ings, 2501 persons participated in the four-day technical program, including 
1325 members, 848 guests, and 330 ladies. 


First Session—Monpay, JANUARY 24, 1949, 9:30 a.m. 


Pres. G. L. Tuve opened the 55th Annual Meeting at 9:30 a.m., Monday, 
January 24, 1949. 


REPORT OF PRESIDENT 


In his report, President Tuve reviewed the efforts of the officers, committee chair- 
men, and executive employees, in keeping the individual member of the A.S.H.V.E. 
informed about Society activities. 

He noted the receipt of almost 1500 membership applications in the past year, with 
the accompanying problems besides that of communication. We now have more 
chapters than the officers can visit. Our headquarters office needs more room to handle 
the larger volume. Our reserve funds are no longer ample for our size. Among the 
year’s accomplishments, he gave the following: 


1. Payment of the mortgage on our Research Laboratory, so that our research 
activities actually have a home of their own. 

Almost a hundred committee meetings held in the Cleveland Conference rooms 
during the year. 

3. We have been able to increase our publications program in A.S.H.V.E. while 
many others have been curtailing theirs, because of higher costs. 

Our chapters and our members are becoming more conscious of their professional 
responsibilities in their several communities, and we are learning to cooperate with 
other groups of engineers, with doctors and public health authorities, with architects 
and owners, and with the Army and the Navy. 

5. Our research program has been broadened and our Technical Advisory Com- 
mittees are exerting more influence, both on the Research Program and on THE GutnE. 


Respectfully submitted, 
G. L. Tuve, President 
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2 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Report oF CouNCIL 


During the past year five meetings of the Council were held in New York, Cleve- 
land, Bretton Woods, Memphis, and Chicago. The officers and council members 
spent many long hours in meetings and discussions of Society activities and this report 
will summarize some of the actions taken. 

The organization meeting of the 1948 Council was held in New York on February 5, 
and President Tuve announced the personnel of the Council and Special Committees. 
Action was taken on the appointment of the Secretary of the Society, the Technical 
Secretary, and the Assistant to the President. 

The selection of depositories for Society funds was made and a certified public 
accountant was selected as required by the By-Laws. 

During the year abstracts of Council Minutes were furnished to chapter delegates, 
chapter officers, and others who desired to have them. 

The question of the number of Society members in the various grades received spe- 
cial attention during the year and also a study was made of the membership qualifi- 
cations required for various grades. A new student membership application was 
also developed and approved. 

Charters were granted for Student Branches at North Carolina State University 
and the Purdue University Student Branch of Indiana Chapter, and the organization 
of the Northeastern Oklahoma Chapter at Tulsa was completed in October. 

The Council recommended to the Committee on Research an extension of the work 
in the physiological field and an increase in cooperative projects. Approval was given 
to the acceptance of Federal government sponsorship and support of research work 
in fundamental problems involving heating, ventilating and air conditioning, and a 
contract with the Navy was authorized. 

An extensive survey of publication policy was made by a Special Committee and 
its recommendations were adopted. 

Meeting programs for Bretton Woods and Chicago were approved and the invita- 
tion of the Minnesota Chapter to have the Semi-Annual Meeting 1949 at Minneapolis 
was accepted and the dates selected were June 20 to 22nd. 

An invitation from the North Texas Chapter was approved for a meeting and 
Exposition at Dallas, January 23 to 26, 1950, and the invitation of the Philadelphia 
Chapter for the Annual Meeting and Exposition in 1951 was also approved. 

The Budget for 1949 was adopted and the recommendations of the Finance Com- 
mittee regarding investment of Canadian funds and the liquidation of the mortgage 
on the Research Laboratory was approved. 

New rates for advertising space in THe Guipe are to be effective in 1950. 

The suggestion of the Guide Publication Committee to eliminate the Roll of Mem- 
bership from THe Guipe 1949 was accepted and this will be published in a separate 
pamphlet which will include the names of the new officers and committees. 

The resignation of Prof. F. W. Hutchinson as a member of the Committee on 
Research was accepted with regret, and Prof. E. R. Queer was appointed to fill his 
term. Five candidates for election to the Committee on Research were nominated 
and the Council selected five members and an alternate to serve on the Nominating 
Committee. 

The Council accepted a special contribution from Walter L. Fleisher, New York, 
N. Y., a past president of the Society, for a Past President’s award to one of the 
younger members of the Society who submitted the best manuscript on some subject 
dealing with environment. 

A comprehensive study of Society administration and organization objectives was 
reported and will come up for future discussion. 

The Public Relations work of the Society under the direction of the Public Rela- 
tions Counsel was started on November 1 and a new editorial assistant for the 
Journal commenced his duties December ist. 


| 


55th ANNUAL MEETING PROCEEDINGS, 1949 3 


The Council took formal action required by the Constitution and By-Laws on 
the acceptance’of resignations, submitted by Members and cancellation of member- 
ships because of non-payment of dues. 

The past 12 months have been notable for the many projects that have been started 
in the interest of expanding the Society’s services and in extending its influence. 


Respectfully submitted, 
THE CouNcIL 


FINANCE REPORT 


R. A. Sherman, chairman of the Finance Committee, reporting on the year’s 
activities, described the committee’s efforts to revise the details of the handling of 
funds and of reporting the financial transactions in order to make them more easily 
understood. 

Another important step made during the year 1948 was the return to the previous 
annual dues rate of $25.00 for members and associates. It is probably too early to 
know the full effect of this on the Society, Mr. Sherman stated. He pointed out that 
though it would probably mean a number of resignations, a large membership does 
not necessarily mean a strong Society either professionally or financially. 

Complete details of the Society’s income and expenditures are given in the report 
of the Certified public accountant which follows: 


ACCOUNTANT’S REPORT 


FRANK G. TUSA & CO. 
CERTIFIED Pustic ACCOUNTANTS 
52 William St., New York, N. Y. 


Tue American Society orf HEATING AND VENTILATING ENGINEERS 
51 Madison Ave., New York, N. Y. 


Gentlemen : 

Pursuant to your request, we examined the books of account and records of THe AMERICAN Society 
or HeatinG AND VENTILATING ENGINgeeERS—New York, N. Y., and the related funds for the fiscal year 
ended October 31, 1948, and submit herewith our report. 

The audit covered a verification of the Assets and Liabilities as of the close of business October 
31, 1948. Also, for the fiscal year then ended, the recorded cash receipts were traced into the deposi- 
tories; the cancelled bank checks were inspected and compared with the record of cash disbursements ; 
the disbursements were supported by payment vouchers and the dues income from members and the 
interest income from investments was accounted for. 

A Balance Sheet reflecting the financial condition of the Society as of the close of business October 
31, 1948, is submitted herewith and your attention is directed to the following comments thereon: 


CasH 

The cash on deposit was verified by direct communication with commercial and savings banks and 
reconcil t of the bal reported to us with those reflected by the books of the Society. A 
schedule of cash is included as part of this report. 

Checks representing the cash on hand for deposit were inspected by us and the petty cash counted. 


Markeras_e Securities 

The securities shown on the subjoined schedule were verified by direct communication with the 
Bankers Trust Co., where same are deposited for safe-keeping. This asset has been included in the 
balance sheet at the cost of acquisition plus the accumulated and accrued interest earned thereon. 


Accounts RECEIVABLE 
A trial balance of the membership dues receivable taken as of the close of business October 31, 
1948, was classified as to bership and aged as follows: 


Members. 
Associates 
Juniors 
Students 
Total 
AGING 
$5,469.92 
1947. .00 
1946. 36.00 


The reserves for dues and sundry accounts receivable doubtful of collection as provided in our 
opinion are ample. 


INVENTORIES 

The emblems and Transactions on hand on October 31, 1948, were counted by us. Tue GuipEe 
paper was verified by direct communication with the printers. All inventories were priced and com- 
puted by us. 

A schedule of Transactions inventoried follows: 


Volume Year Quantity Price Amount 
1-47 1895-1941 3,229 $ .40 $1,291.60 
48 1942 100 1.42 142. 
49 1943 240 1.39 333.60 
50 1944 197 1.82 358.54 
51 1945 359 1.91 685.69 
52 1946 392 1.67 654. 
4,517 $3,466.07 


Deposit ReceivaBLe 
The deposit placed with the United Air Lines in the sum of $425.00 was verified by direct communication. 


ADVANCES 

We have classified under exchanges edvances made for the accommodation of council members 
reimbursed subsequently to the date of «adit. 

As at October 31, 1948, the participatixg employees to the retirement plan were indebted in the 
sum of $1,433.46 for contributions advance! by the Society to the Pension Fund. This sum is to be 
reimbursed to the Society by periodical de: ictions from wages of employees covered by the plan. 


Dererrep CHARGES 

One-sixth of all subscriptions paid during the current fiscal period to H.P.A.C. were deferred as a 
future expense since the subscriptions are paid on a calendar year basis and the fiscal year of the 
Society ended on October 31, 1948. 


Taxes 

The sum of $524.20 represents Federal Income Taxes withheld from salaries paid to employees 
during the month of October 1948. The “c‘ety may be subject to possible Social Security tax assess- 
ments pending decision from the U S. ~rex«..ry Department. 
Dve Researcn 


The balance due to Research Labcr* ory ss at October 31, 1948, is made up as follows: 
40% of Dues Receivable f:«m Members and Associates...... $2,162.45 
Less: Depreciation charge for the current fiscal period......$1,446.42 
40% of dues prepaid by members and associates........ 393.24 1,839.66 


Accruep ACCOUNTS 


The salaries and commissions have been computed and accrued in accordance with Finance Com- 
mittee Report of April 8, 1948. The accrued expenses represent professional fees applicable to the 
current fiscal period. 
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Dererrep INCOME 


The prepaid dues and initiation fees by members and candidates for membership have been 
deferred to future operations. The membership classification of the dues prepaid by elected mem- 
bers follow: 


MEMBERSHIP Amount 
Members $ 551.51 
Associates 431.59 
Juniors.... 151.00 
45.00 


Mortcace 
The mortgage payable on the Cleveland real estate has been verified by direct communication with 
the Cleveland Trust Co. On December 15, 1948, this mortgage was completely satisfied. 


Reserve FOR TRANSACTIONS 

We have reserved the sum of $24,000.00 to cover the publication of Transactions, Vols. 53 and 54 
which are scheduled for publication in 1949. This sum includes an increase of $6,000.00 in excess of the 
1947 Budget Provision to cover the estimated cost of publishing Vol. 53. 


Funps 
An analysis of the following Fund Accounts covering the changes that occurred therein during the 
fiscal year ended October 31, 1948, is attached hereto: 


General Fund 

Reserve Fund 

F. Paul Anderson Fund 
Property Fund 

Mortgage Reduction Fund 


In accordance with instructions received from the Finance Committee we have set up a Property 
Fund account under which we have classified the Land, Buildings, Furniture, Fixtures and Library. 
Respectfully submitted, 


Frank G. Tusa & Co. 
Certified Public Accountants 


BALANCE SHEET 


Tue American Society oF HEATING AND VENTILATING ENGINEERS 
New ¥., October 31, 1948 


ASSE7TS 
GENERAL FUND 


On Hand for Deposit..... 
On Hand 


SECURITIES (aT CosT) 
Securities (Market Value $37,113.65) 
Add: Accumulated Interest 

Accrued Interest...... 


ACCOUNTS RECEIVABLE 
Membership 6,107.42 
Less: Reserve for Doubtful.............. sstane 1,521.68 4,585.74 
Advertisers and Sundry Debtors................ 


Less: Reserve for Doubtfull.............0...00....... 8,671.16 13,256.90 


INVENTORIES 
328.55 


mblems 


$27,101.47 
8,938.31 
100.00 $36,139.78 
eee "125.00 3,365.90 37,805.40 
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BALANCE SHEET (continued) 
ADVANCES TO PENSION FUND FOR EMPLOYEES...... 1,433.46 
DEFERRED CHARGES 
Prepaid H.P.A.C. Subscriptions.... 2,179.73 $ 96,797.38 
PROPERTY FUND 
Less: Reserve for 3,908.07 81,012.89 
: Reserve for Depreciation. ..................c::c00cce:se0000 1,258.73 2,126.28 
RESERVE FuND 
Securities at Cost (Market Value $44,865.74 )......000000040..... 40,145.00 
4,720.74 44,865.74 50,000.00 
F. PAuL ANDERSON FuND 
Securities at Cost (Market Value $947.00) 1,000.00 
MorTGAGE REDUCTION FuND 
$231,496.83 
LIABILITIES AND FUNDS 
LIABILITIES 
ACCRUED Accou 
Salaries and Commissions.... $6,790.15 
DEFERRED INCOME 
Prepaid Membership Dues: 
Elected Members........ $1,179.10 
Prepaid Initiation Fees................ 1,701.94 
100.00 3,595.54 
REAL ESTATE MORTGAGE PAYABLE 
RESERVE FOR PUBLICATIONS 
TRANSACTIONS—Volume 12,000.00 
TRANSACTIONS—VoOlume 12,000.00 24,000.00 
Funps 
Reserve Fund...................... 50,000.00 
F. Paul Anderson Fund..... oni 1,097.50 
Mortgage Reduction Fund... 162.78 
$231,496.83 
Note: This Balance Sheet is subject to possible assessments for social security taxes pending decision 
by the Treasury Department. 
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BUDGET COMPARISON—CASH RECEIPTS 


Tue American Society or HeaTING AND VENTILATING ENGINEERS 


New York, N. Y. 


For the Fiscal Year ended October $81, 1948 


Budget 
Actual Provision Increases Decreases 
CURRENT MEMBERS 
$ 45,655.12 45,000.00 §$ 655.12 
101—Associates ean 40,385.60 42,000.00 $ 1,614.40 
102—Juniors sid 3,126.50 3,500.00 373.50 
89,303.22 91,000.00 655.12 2,351.90 
NEw MEMBERS 
2,165.25 4,000.00 1,834.75 
105—Associates.. Be 5,429.56 5,000.00 429.56 
106— juniors... ~ 1,507.00 500.00 1,007.00 
9,930.81 10,000.00 1,765.56 1,834.75 
Prior Year's DUES 
1,934.00 2,000.00 66.00 
6B—Associates... < 1,931.50 2,500.00 568.50 
6C—Juniors........ 93.00 150.00 57.00 
—0— —0— —0— 
3,958.50 4,650.00 —0— 691.59 
103,192.53 105,650.00 2,420.68 4,878.15 
108—Initiation 5,920.00 7,000.00 1,086.00 
DEFERRED INCOME 
Prepaid Membership Dues... ....................... 1,179.10 1,345.35 166.25 
Prepaid Dues by Candidates “ 614.50 351.00 263.50 
108—Prepaid Initiation Fees.............0....0.... 1,701.94 1,100.00 601.94 
3,495.54 2,796.35 865.44 166.25 
PUBLICATIONS 
1156—Editorial 20,166.64 20.500.00 333.36 
300—GuwE 54,512.95 50,000.00 4,512.95 
55,950.46 60,000.00 4,049.54 
117—TRANSACTIONSG. 1,089.59 1,000.00 89.5! 
118—Books, Reprints and Codes.................... 2,427.01 800.00 1,627.01 
134,146.65 132,300.00 6,229.55 4,382.90 
INVESTMENTS INCOME 
125—Interest—Savings Bank......................... 67.69 200.00 132.31 
126—Interest—Securities 475.05 300.00 175.05 
127—Iuterest— Mortgage 242.96 250.00 7.04 
785.70 750.00 175.05 139.35 
OTHER INCOME 
109—Sales of Emblems......................000cc0cccceeee $ 1,051.62 1,000.00 $ 51.62 
110—Sales of Certificates and Frames... ee 590.32 500. 90.3) 
81— Mortgage Retirement.................. 2,489.84 3,500.00 1,010.16 
Mortgage Receivable........... es 6,706.56 6,706.56 
82—Business Policy Committee ~~ 1,178.83 1,200.00 21.17 
206—Past President’s Award.............. mA 100.00 100.00 
224—Refund of Pension Fund Deposit.......... 250.00 250.00 
12,367.17 6,200.00 7,198.50 1,031.33 
RESEARCH LABORATORY INCOME 
34—Contributions—Earmarked.................... 62,727.00 45,000.00 17,727.00 
33—Contributions—General....... 9,530.00 6,000.00 3,530.00 
Naval Research Contract oe 19,900.00 19,900.00 
82—1948 Exposition Income... a 13,902.62 14,000.00 97.38 
Deferred 1947 Exposition Income “A”. 8,598.69 8,598.69 
Deferred 1947 Earmarked 
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RESEARCH LABORATORY INCOME (continued) 


6.69 15.00 8.31 
104,783.86 103,532.55 21,257.00 20,005.69 
$364,691.45 $358,228.90 $38,146.22 $31,683.67 


Note “‘A""—The sum of $8,598.69 representing deferred 1947 Exposition Income is not to be considered 
as a cash receipt since it was collected in the prior fiscal period. It has been included only as a balancing 
figure herein and for the purpose of conforming with the budget. 


BUDGET COMPAPISON—CASH DISBURSEMENTS 


Tue American Society or HeatinG AND VENTILATING ENGINEERS 
New York, N. Y., October 31, 1948 


Budget 
Actual Provision Increases Decreases 
COMMITTEES AND CHAPTERS 
150—President's Fund..........  § 2,922.93 $ 2,500.00 $ 42293 
151—Council Travel. 5,151.06 6,000.00 848.04 
160—Executive Committee. P< 105.93 100.00 5.93 
161—Finance Committee... .29 100.00 9.71 
162— Membership Committee... et el 828.80 1,000.00 171.20 
164—Standards Committee.............................. 15.89 150.00 134.11 
170—Admission & Advancement Committee.. 526.35 600.00 73. 
171—Constitution and By-Laws. 692.68 1,500.00 807.32 
172—Nominating Committee n 1,021.37 2,000.00 978.63 
173C—Chapter Relations Committee............ 393.38 300.00 93.38 
173A—Chapter Speakers.......... 2,344.94 2,000.00 344.94 
173B—Chapter Delegates T 3,937.35 4,000.00 62.65 
201—A.S.A. Membership..... 100.00 100.00 
204— Membership Certificates and Frames... 1,330.45 500.00 830.45 
206— Medals and Awards,....................:cc:c00008 209.80 250.00 40.20 
21,094.41 21,100.00 3,120.82 3,126.41 
MEETINGS 
3,786.80 3,500.00 286.80 
327—Chapter Meeting Allowance.................. 900.00 900.00 
4,686.80 4,400.00 286.80 —o— 
PUBLICATIONS 
200—Journal Subscriptions.............. 13,282.68 13,500.00 217.32 
202—TRANSACTIONS—Volume 52.................... 8,750.39 9,600.00 849.61 
202—TRANSACTIONS—Volume 53.................... 12,000.00 12,000.00 
203— Membership Roll Reanisisastintiee 4,115.24 2,000.00 2,115.24 
118—Books, Reprints, etc.. sina 2,082.23 2,082.23 
305—Guide Publication and Distrib... ws 59,546.38 66,000.00 6,453.62 
87,776.92 103,100.00 4,197.47 19,520.55 
HEADQUARTERS 
211—Public Relations Expense. 304.34 5,000.00 304. 
212—Travel—Secretary and Staff.. in 2,047.18 2,000.00 47.18 
213—Rent and Light.. i 4,638.44 4,800.00 161.56 
214—Telephone......... 1,467.23 1,200.00 267.23 
215—Telegraph.. 526.64 500.00 26.64 
216—Postage....... 3,947.58 3,000.00 947.58 
217—General Printing... denniititioas 1,836.33 1,000.00 836.33 
218—Office Supplies.... . 1,444.45 2,000.00 555.55 
219—Address and Address Changes.............. 239.60 300.00 60.40 
220— Professional Services—Legal and 
Auditing... mmassdsaiees 2,594.84 3,300.00 705.16 
220A— Business Policy Committee. Lcenaasicnesiancs 1,178.83 1,200.00 21.17 
221— Bank 55.69 100.00 44.31 
11—Furniture and Fixtures.. cmidecbiaas 915.11 750.00 165.11 
223—General Office Expenses. Ee 2,399.97 1,500.00 899.97 
224—Pension 4,226.62 2,000.00 2,226.62 
91,832.29 87,150.00 6,230.44 1,548.15 
31—MORTGAGE RETIREMENT........................ 13,125.00 12,220.98 904.02 
RESEARCH 
30—40% of Members and Associates Dues.. 39,208.59 40,200.00 991.41 
30A—40% of Dues Prepaid in 1947 ‘‘B"’. 490.20 490.20 
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RESEARCH (continued) 
82—1948 Exposition Income.......................... 13,902.62 14,000.00 97.38 
27A—Deferred—1947 Exposition Income.... 8,598.69 8,598.69 
34—Contributions— Earmarked 62,727.00 45,000.00 17,727.00 
33—Contributions—General.. 9,530.00 6,000.00 3,530.00 
Naval Research Contract...................... —0— 19,900.00 19,900.00 
34A—Deferred 1947 Earmarked 
10,018.86 10,018.86 
OS 6.69 15.00 8.31 
144,482.65 144,222.75 21,257.00 20,997.10 
$362,998.07 $372,193.73 $35,996.55 $45,192.21 


Note “*B'’—The sum of $490.20 representing 40% Dues prepaid in 1947 is not to be considered as a 
cash disbursement of the current fiscal period. It is included herein only as a balancing figure and in order 


to conform with the budget. 


BALANCE SHEET 


Tue American Society of HEATING AND VENTILATING ENGI R H Funp 
New York, N. Y., October 31, 1948 
ASSETS 
RESEARCH FuND 
CaAsH 
On DEpositT 
Treasurer's Account—Bankers Trust $32,412.85 
Director's Account—Cleveland Trust Co. 7,393.77 
Travel Account—Cleveland Trust Co....... te 500.00 
Thrift Account—Bank for Savings.........................0..00+ 451.51 $40,753.13 
On HAND FOR DEposit.. 2,669.40 
Accounts RECEIVABLE 
40% Dues 2,162.45 
Less: 40% Prepaid Dues... wo 393.24 
Building Depreciation SE Ee, 1,446.42 1,839.66 322.79 
Advances to Retirement Plan for Account cf Employees.......................... 976.77 3,633.95 
PERMANENT 
Laboratory Equipment, Furniture and Fixtures................ 31,393.78 
Less: Reserve for Depreciation. 11,117.54 20,276.24 
DEFERRED CHARGES 
ENDOWMENT FuND 
CasH ON Deposit 
Bank for Savings............ 649.41 
$71,982.47 
LIABILITIES AND FUNDS 
LIABILITIES 
ACCRUED ACCOUNTS 
DEFERRED INCOME . 
Physiological Research... 2,441.00 
Sound Energy Studies............ 574.39 
Heat Losses Due to Infiltration... ......-c.ccc.ccseccscceeessecsseesee 188.75 25,722.89 
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FunNpDs 
Reserve Fund...... 4,000.00 
Endowment Fun 649.41 
General Fund.................. 20,622.53 45,848.18 


$71,982.47 


Note ‘‘A’’—This Balance Sheet may be subject to possible assessments for social security taxes pending 
final decision by the Treasury Department. 


BUDGET COMPARISON—CASH RECEIPTS AND DISBURSEMENTS 
Tue American Society or Heatinc VENTILATING ENGINeers—ResearcH FuND 
New York, N. Y. 

For the Fiscal Year ended October 81, 1948 


Budget 
Actual Provision Increases Decreases 
CasH RECEIPTS 
40% Dues—Members and Associates... $ 39,208.59 $ 40,690.20 $ $ 1,481.61 
Heating and Ventilating Exposition—1948... 13,902.62 14,000.00 97.38 
Earmarked Contributions—1948 _ Re 62,727.00 45,000.00 17,727.00 
General Contributions.......... saeideintoalaviean 9,530.00 6,000.00 3,530.00 
Interest....... 6.69 15.00 8.31 
Deferred 1947 Exposition Receipts. 8,598.69 8,598.69 
Office of Naval Research........................cc0c0000 —0— 19,900.00 19,900.00 
Deferred 1947 Earmarked Contribution........ 10,018.86 10,018.86 —0— —0— 
$143,992.45 $144,222.75 $21,257.90 $21,487.30 
EARMARKED CONTRIBUTIONS—1948 (A) 
Heat Loads and Heat Transfer including 
Solar Radiation Allied Studies 26,550.00 $17,500.00 $ 9,050.00 $ 
Physiological Research...... ‘ 5,882.00 6,000.00 118.00 
Air Cleaning aalt 7,550.00 6,000.00 1,550.00 
Air Distribution.. 1,765.00 2,000.00 235.00 
Panel Heating Studies... 17,780.00 10,000.00 7,780.00 
Oil Heat Institute Project... 3,200.00 3,500.00 300.00 
| $62,727.00 $45,000.00 $18,380.00 $653.00 


Note—The budget provision of disbursements has been amended to include the supplementary budget 
of the Office of Naval Research as follows: 
100 —Travel of Committee... $ 1,500.00 


150 —Technical Staff................... 3,865.00 
150(A)—Technical Staff Overhead. 1,935.00 
151 —Clerical Staff... ae 400.00 
151(A)—Clerical Staff Overhead...... 700.00 
160(A)—Consulting Staff........ 500.00 
208 —Building Alterations................ xe 5,000.00 
Je. _ 5,000.00 
$19,900.00 
Budget 
Actual Provision Increases Decreases 
DISBURSEMENTS 
100—Travel and Meeting Expenses, Chair- 
man, Research Executive Commit- 
tees and Technical ay Com- 
mittees............... nak . $ 1,493.75 $ 3,150.00 § $ 1,656.25 
101—Chairman’s Office Expense... 153.57 200.00 46.43 
1,647.32 3,350.00 1,702.68 
LABORATORY SALARIES 
150—Administrative and Technical Staff...... 51,078.99 54,115.00 3,036.01 
150(A)—Technical Staff Overhead... is 1,935.00 1,935.00 
151—Clerical 8,882.49 9,150.00 267.51 
151(A)—Clerical Staff Overhead... 700.00 700.00 
152—Pension Contributions................ saad 2,715.06 1,000.00 1,715.06 
153—Part Time Technical Staff...................... 823.17 1,500.00 676.83 
63,499.71 68,400.00 1,715.06 6,615.35 
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LABORATORY EXPENSES 


160(A)—Consulting Staff.. —0— 500.00 500.00 
589.02 650.00 60.98 
162—Telephone and Telegraph.. iceatumminen 1,236.42 1,500.00 263.58 
163—Offfice Supplies. 1,020.85 1,000.00 20.85 
164— Mimeographing and Printing................ 1,306.42 1,250.00 56.42 
246.21 250.00 3.79 
166—Publications ... 1,712.39 2,500.00 787.61 
126.51 200.00 73.49 
5s 250. 250.00 
801.85 1,000.00 198.15 
175—Contingencies.. ,500.00 1,500.00 
250—Lab. Material and Supplies. aguas 3,819.96 4,000.00 180.04 
300—Equipment (Permanent)............ 4,826.82 11,000.00 6,173.18 
20,848.87 30,100.00 77.27 9,328.40 
LaB. OPERATION AND MAINTENANCE 
1,027.68 1,200.00 172.32 
203-5-—-Light, Power and Water........ 1,028.33 1,000.00 28.33 
206—Janitor Wages and Supplies. TENE 946.94 1,200.00 253.06 
207— Building Maintenance............................ 2,071.91 2,000.00 71.91 
208— Building 5,000.00 5,000.00 
209— Building Insurance......................-.......0 217.65 200.00 17.65 
210—Legal 1,759.67 1,800.00 40.33 
7,638.47 13,075.00 117.89 5,554.42 
CoopPpERATIVE CONTRACT 
1000—Pledged to June 30, 1948...0...000000......... 3,850.00 3,850.00 —0— 
1100—July 1 to October 31, 1948.................. 5,612.00 6,275.00 663.00 
9,462.00 10,125.00 663.00 


$103,096.37 $125,050.00 $1,910.22 $23,863.85 


REPORT OF SECRETARY 


The Secretary, A. V. Hutchinson, summarized the year’s work as follows: 

Total membership applications 1,469. 

Publication of a new booklet on the Aims and Activities of the Society. 
pa 18,000 copies of THe Guine 1948 printed, and expansion of text by about 

ages. 

ne collections were about 97 percent. Increased dues rate for 1949 was effective. 

The Secretary’s office has handled all matters pertaining to meetings, production 
of publications, the collection of accounts, extensive correspondence with officers, 
committees, and chapters, operation of the Chapter Speakers Bureau, establishment 
of the Public Relations Program and has carried on all of the routine actions required 
by the Constitution and By-Laws in connection with membership, finance, contracts, 
and other special projects. 

Respectfully submitted, 


A. V. Hutcuinson, Secretary 


ANNUAL REporT OF COMMITTEE ON RESEARCH—1948 


There were several noteworthy events in the Society’s research activities for 1948. 
At the June meeting, the Society amended the regulations governing the Committee 
on Research so that research accounting and payment of bills for research expendi- 
tures could be done at the Laboratory instead of at the New York office. The ac- 
counting books for research were transferred to the Laboratory on July 1. 

One of the important highlights was the trip to England by the Director of Research 
on behalf of the Society, to review the research that is being carried on there and 
to establish a channel for the exchange of research reports between the two countries. 


& 
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The Director’s report of this trip contains considerable information of value to the 
Committee on Research and to the Technical Advisory Committees. 

The Committee on Research wishes to acknowledge the splendid cooperation and 
sympathetic consideration given by Council to research matters. The Finance Com- 
mittee of Councii has been especially helpful on financial and budget problems. The 
Committee also wishes to express appreciation to the officers of the Society for valuable 
help and suggestions given on research matters throughout the year. 


Committee Activities 


The Committee on Research held four meetings during the year. The Chairman 
wishes to thank the members of the Committee for their excellent cooperation and for 
the seriousness with which they have assumed their responsibilities. 

Altogether there were 21 Technical Advisory Committee meetings held during the 
year. A number of these Committees met several times. Many of the meetings were 
held in Cleveland, at the Laboratory. An advantage in holding the meetings at the 
Laboratory is that the members of the staff are given an opportunity to participate 
in the meetings and to have personal contact with the Committee members. 

The Technical Advisory Committees play an important part in our research organi- 
zation in making recommendations on our research program, and suggesting authors 
and titles for papers and rendering assistance in the preparation of material for THE 
Guive. Their support and cooperation are appreciated, especially that of the Com- 
mittee Chairmen, on whom the success of the Committee’s activities depend to a large 
extent. It is planned to rely to an even greater extent on the Technical Advisory 
Committees for help in the future. 

The formation of two new Technical Advisory Committees was authorized by the 
Committee on Research, one on Odors and one on the Heat Pump. 


Support by Industry 


The Committee wishes to acknowledge the splendid financial support received from 
industry during this past year. The number of organizations throughout the industry 
which participated financially increased greatly and during 1948 numbered 242. A 
large share of the credit for stimulating industry’s interest and desire to participate 
in our research work is due to the activities of C. A. McKeeman, assistant to the 
president, and to the work of the Committee on the Promotion of Research under the 
chairmanship of J. E. Haines. 


Research Policy 


The Committee ha< discussed, on several occasions during this past year, the im- 
portance of cet: ving the attitude and feelings of the Society membership toward 
our research program and its objectives. Consequently, the Committee requested that 
a letter be sent to the membership asking each member to express his views on the 
research activities of the Society. 

The Committee wishes to express appreciation for the continued interest of the 
membership in our research work. Many helpful suggestions have been received from 
members who are not on the Committee on Research or Technical Advisory Com- 
mittees. 

Council has urged the Committee on Research to place greater emphasis on physio- 
logical research and cooperative research, and to study the possibilities of closer co- 
operation with governmental agencies. The Committee has accepted the suggestion and 
has increased its expenditures for physiological research, planning further increases 
for 1949. During this past year a contract was negotiated with the Office of Naval 
Research involving the Laboratory’s undertaking the design, development, and con- 
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struction of a calorimeter for the rapid measurement and recording of heat exchange 
between the human body and its environment. 

Many proposals involving cooperative research with the Society have been sub- 
mitted by universities during this past year. Some of these proposals have been ac- 
cepted and the work is already under way. A number of others have been referred 
to the proper Technical Advisory Committees for their study and recommendations. 


Publications and Papers 


The publication policy of the Society as it affects research has been discussed by 
a special Committee on Publication Policy appointed by the President. According 
to the policy adopted, each Society member is entitled to one free copy of any technical 
publication, including bulletins and progress reports, upon request. Notice of the 
availability of these publications is announced to the membership through the JouRNAL. 


Future Program 


The results of the recent survey of the Society membership regarding our research 
activities will be carefully analyzed. If this survey indicates there is an important 
difference of opinion between the thirking of the members of the Society and the 
Committee on Research or the Regulations as set forth in our Constitution, some 
action will have to be taken to reconcile the same. This may require a change in our 
policy or a determined effort to sell our members on our aims and objectives. It 
may prove the importance of our finding a way of informing our members more fully 
regarding what is going on. 

On October 4, a budget of $191,550.00 for the ensuing year was submitted to Council 
and approved. This represents a substantial increase over last year’s budget and re- 
quires increased support on the part of our members and of industry. Our enlarged 
research program places a greater responsibility on the members of the Committee 
on Research and the Technical Advisory Committees. Of the amount given, $48,700.00 
is for research required by our Navy contract, and $142,850.00 is for other research. 

Weavs and means are being considered to make it possible for more of our Society 
members to participate in the planning of our research work. As an experiment at 
our Annual Meeting, members of the Society are being given an opportunity to attend 
the meetings of the Technical Advisory Committees. It is realized that this has both 
advantages and disadvantages, and if it should prove undesirable to continue this as 
a Society policy, it may be necessary to expand the membership of a number of the 
Technical Advisory Cornmittees. 


Laboratory Staff 


The Committee on Research wishes to acknowledge the =xcellent cooperation of 
the Laboratory staff, under the able direction of Cyril Tasker, director of research. 
The interest shown by each staff member in his work, and the teamwork that has 
been demonstrated by the staff as a whole, have been very gratifying. The Committee 
recommended the reappointment of Mr. Tasker as Director of Research for the en- 
suing year, which action has been approved by Council. 

An agreement has been worked out with the faculty of Case Institute of Technology 
whereby members of the staff of the Research Laboratory can undertake graduate 
studies at Case Institute. Some of the members of the staff are taking advantage of 
this opportunity. 

The participation of the many individuals and firms who contributed* to the program 
of general and ear-marked projects is gratefully acknowledged. 


*See list published in A.S.H.V.E. Journat Section, Heating, Piping & Air Conditioning, March 1949, 
p. 121. 
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The Report of the Director of Research, which is appended, includes summaries 
of the work at the Laboratory and cooperating institutions, and of the Technical Ad- 
visory Committees. 


Respectfully submitted, 


L. N. Hunter, Chairman 
CoMMITTEE ON RESEARCH 


REPORT OF THE DIRECTOR OF RESEARCH 


The year 1948 has seen a significant expansion of Society research both at the 
Cleveland Laboratory and at a number of cooperating institutions. If one can use 
expenditures as an index of the activity of a research program, Society research ac- 
tivities in 1948 increased by about 25 percent over 1947. Actually much of this ex- 
pansion took place in the second half of the year when a number of new projects were 
initiated and others accelerated as increased industry participation made it possible 
to add both staff and equipment. 

Perhaps the two most important steps taken in 1948 were the signing of a contract 
with the Office of Naval Research to undertake work in the field of physiology and 
human calorimetry, and the continuous activity at the Laboratory on the study of 
heat distribution within and behind a concrete panel, which forms an important first 
step in the Society’s overall program on panel heating and cooling. The studies on 
solar radiation transmission through glass building members continued throughout 
the year with additional staff engaged from June onward. The program on air 
cleaning constituted a full-time activity in 1948 and showed signs of real progress 
as the year ended. We were able to initiate an experimental program on cooled venti- 
lation jets during the summer and maintain full-time activity from October onward. 
An important investigation into the burning characteristics of fuel oil was undertaken 
under the sponsorship of the Oil Heat Institute. 

Cooperative research was noticeably expanded in 1948 and at the year’s end eight 
studies were in progress at six institutions. Physic:ogical studies dealing with shock 
effect, under way at the College of Medicine, University of Illinois, were supported 
by a grant-in-aid from the U. S. Public Health Service effective as of July 1, 1948. 


INSTITUTIONS COOPERATING WITH 
CoMMITTEE ON RESEARCH 


Case Institute of Technology, Cleveland, Ohio: Air Distribution by Slots and Per- 
forated Panels; Heat Transfer of Evaporating Refrigerants. 

Columbia University, New York, N. Y.: Study, by Means of the Electric Ana- 
logger, of the Effect of Idle Tubes on the Heat Flow and Temperature Field in 
a Concrete Slab. 

Cornell University, Ithaca, N. Y.: Effects of Size of the Sol-Air Thermometer on 
Measurements of Sol-Air Temperature. 

Kansas State College, Manhattan, Kan.: Projection of Heated and Cooled Air 
Streams ; Studies of the Radiant Effect in Sensory Reactions of Comfort. 


University of Illinois, College of Medicine, Chicago, Ill.: Physiological Adjustments 
of Human Beings to Sudden Change in Environment. 

Michigan State College, East Lansing, Mich.: Flow Losses in Branch Take-Off 
Fittings. 


55th ANNUAL MEETING PROCEEDINGS, 1949 15 


Several phases of an overall program of research into air distribution were under 
attack at Case Institute of Technology, Kansas State College, and Michigan State 
College. The panel heating studies at the Laboratory were augmented by studies at 
Kansas State College and Columbia University. At Cornell University further studies 
were being made of the significance of various factors in solar heat gains. The U. S 
Weather Bureau provided basic data to be used in a cooperative study at Tulane Uni- 
versity of sol-air temperatures for a hot and humid climate. One phase of the studv 
of the heat transfer coefficients of evaporating refrigerants was completed at Case 
Institute of Technology. 


Staff and Facilities 


Additions made to the engineering and technical staff during 1948 brought the full- 
time staff at the end of the year to 23. Of these, eleven are graduate scientific staff. 
Additional part-time staff were used during the year as required. 

Increased office facilities have been provided, improvements made to the laboratory 
facilities, and permanent equipment added as required, so that the laboratory inventory 
now stands at $20,600 after due allowances for depreciation. 


Publications 


Bulletin No. 1—Heat Transmission Through Glass came off the press at the close 
of the year and already a substantial number of copies have been distributed to Society 
members who requested both this bulletin and the two that preceded it: Bulletin No. 2 
—The Thermal Properties of Building Materials Used in Heat Flow Calculations and 
Bulletin No. 3—Forced Convection Heat Transfer from Flat Surfaces. Seven re- 
search papers were released from the Laboratory and cooperating institutions, two 
were presented at the Semi-Annual Meeting and five prepared for presentation at the 
55th Annual Meeting. Titles and authors are listed elsewhere. 


The Guide 


In addition to assistance in the review and revision of a number of chapters in 
THE GuipeE by Laboratory staff members, a closer liaison has been developed between 
the Guide Publication Committee and the various Technical Advisory Committees. 
H. B. Nottage, as a member of a special sub-committee, undertook a study of existing 
psychrometric charts and the bases on which they were developed. This Committee 
has recommended that the Society undertake the development of a new psychrometric 
chart which would lend itself more readily to the graphical solution of air conditioning 
problems. 


Studies at the Laboratory and at Cooperating Institutions 


Only the principal highlights of the projects under way at Cleveland, and at the 
universities cooperating with the Society in its research program, will be covered 
here. Fuller details will be found in research bulletins and papers or may be secured 
by members on request. 


Air Distribution 


Ventilation Jets: As the first step in a long-term plan for practical research in room 
air distribution, equipment for the study of chilled air jets discharging into large spaces 
was constructed and assembled during the latter part of the year. Instrumentation 
of the test equipment is proceeding in order to enable measurement to be made of 
temperature, velocity and turbulence intensity in the jet region. 

There is still much to be done on the problem of the measurement of low velocity 
air streams. The Society has been instrumental in the past in adding to the sum of 
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knowledge in this field; the present activities are designed to investigate the signifi- 
cance of some of the important elements in this problem and attempt to solve them. 


An extensive literature survey, covering about 150 references, undertaken by Mr. 
Nottage, is nearing completion. It has already proved of considerable value in de- 
fining the experimental program for the Laboratory. It is hoped that it will be possible 
to make this available in published form during 1949, so that it may be of lasting 
and time-saving value for those undertaking investigations into air distribution prob- 
lems. This type of activity is one by which the Society can very properly serve the 
industry at large; it is seldom undertaken by industrial organizations, and even when 
it is carried on, the results seldom find their way into print. 


Mr. Nottage has presented some views on turbulence in air distribution at the 
55th Annual Meeting. 


Slots: The studies on slots described at the 54th Annual Meeting were continued 
at Case Institute of Technology during the summer. Investigations were conducted on 
the air stream performance for a stot in the side of a tapered duct, the purpose being 
to obtain constant discharge angles along the slot in order to facilitate the aplication 
of turning vanes. Performance curves developed from theoretical considerations were 
checked by test results. This work is being prepared for presentation as a research 
paper. 

Perforated Panels: Tests were also completed at Case Institute on eight perforated 
panels (thick transite and thin metal). 

Residual velocity measurements were conducted in the constant-velocity zone near 
the panel, and in the zone located a short distance from the panel in which the residual 
velocity varies inversely with distance. The results for the residual velocities of the 
panels tested were found to plot on dimensionless parameters involving percentage 
free area, coefficient of discharge, panel area, velocity at the perforations, and distance 
from the panel. 

Tests were conducted with air streams projected into an open space and into an 
enclosed space with the distance between floor and ceiling fixed. Velocity measure- 


RESEARCH PApERS—1948 


1. Solar and Total Heat Gain Through Double Flat Glass, by G. V. Parmelee and 
W. W. Aubele (Cleveland, Ohio) (A.S.H.V.E. Transactions, Vol. 54, 1948, p. 407). 

2. Comparison of Physiological Adjustments of Human Beings During Summer and 
Winter, by Nathaniel Glickman, Tohru Inouye, R. W. Keeton, M.D., (Chicago, IIl.) 
and M. K. Fahnestock (Urbana, Il.) (A.S.H.V.E. Transactions, Vol. 54, 1948, p. 307). 

3. Physiologic Adjustments of Normal Subjects and Cardiac Patients to Sudden 
Change in Environment, by Nathaniel Glickman, Tohru Inouye, R. W. Keeton, M.D., 
I. R. Callen, M.D., F. K. Hick, M.D., and M. K. Fahnestock (Chicago, III.) 
(see p. 27). 

4. Overall Coefficients for Flat Glass Determined Under Natural Weather Conditions, 
by G. V. Parmelee and W. W. Aubele (Cleveland, Ohio) (see p. 39). 

5. The Internal Performance of an Induced Draft, Packed Cooling Tower, by N. W. 
Snyder (Berkeley, Calif.) (see p. 61). 


6. Heat Transfer Rates for Refrigerant Boiling in Horizontal Tube Evaporators, by 
L. G. Seigel, W. L. Bryan and M. C. Huppert (Cleveland, Ohio) (see p. 83). 

7. Turbulence—A Fundamental Frontier in Air Distribution, by H. B. Nottage 
(Cleveland, Ohio) (see p. 193). 
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ment was obtained with commercial-type heated thermocouple, heated thermometer, 
and bridled vane anemometers. 

The stream profiles for pexforated panels will be correlated at some future date 
with profiles of other type outiets in a report dealing only with stream envelopes. 

Downward Projection of Heated Air: Studies reported upon at the 54th Annual 
Meeting continued during 1948 using the 5.75 in. convergent nozzle. Discrepancies 
were found between the values for entrainment obtained by direct measurement and 
the values calculated from heat balances. These discrepancies are being further in- 
vestigated. 

Tests were also made, both with room air and with heated air, using the convergent 
nozzle with the tubular extension of about one orifice diameter in length. Difficulties 
encountered in these studies show again how unsatisfactory the present situation is 
regarding the measurement of low velocity air streams. These difficulties show also 
the need for reliable methods that will ensure reproducibility. 

Space is now available for the erection of less restricted test facilities in which 
larger orifice diameters and throws of 40 ft downward might be investigated. 

Tests were also made, both with room air and with heated air, using the convergent 
nozzle with the tubular extension of about one orifice diameter in length. Difficulties 
encountered in these studies show again how unsatisfactory the present situation is 
regarding the measurement of low velocity air streams. These difficulties show also 
the need for reliable methods that will ensure reproducibility. 

Space is now available for the erection of less restricted test facilities in which larger 
orifice diameters and throws of 40 ft downward might be investigated. 

Friction in Fittings: A study of friction losses through branch take-offs in rec- 
tangular ducts is under way at Michigan State College under Dean L. G. Miller. The 
Laboratory has made progress on the compilation and analysis of existing data on 
losses of through-flow fittings. Experimental studies, unavoidably deferred throughout 
this year, should be under way early in 1949. 


Heat Flow and Heat Transfer 


Film Coefficients: Studies reported on in Research Bulletin No. 3 were extended 
during 1948 to cover the combined effects of natural convection and low velocity air 
movement over a range of 30 to 300 fpm on heat transfer from a smooth surface. 

Solar Radiation Transmission: Even though weather conditions during 1948 were 
not quite as favorable for the studies on solar radiation transmission as they were 
in 1947, they constituted a full-time activity for three staff members. Two papers were 
prepared and Bulletin No. 1 released in published form. 

Additional studies made on flat glass, in single sheets and in double glass combina- 
tions, covered transmittance for direct and diffuse solar radiation as well as total heat 
gain. Overall coefficients of heat transfer for single and double glass were also de- 
termined. 

The investigation of solar heat transmission through glass block which commenced 
in May has required a considerably more detailed study than was necessary with 
flat glass. Four different patterns of 8 in. block were studied during the latter half 
of the year; the investigation is continuing as weather permits; preliminary data will 
be available in published form by the summer of 1949. 

To measure incoming radiation from all sources on the outdoor surface of the 
panels under test, a convection-compensated radiometer has been designed and con- 
structed at the Laboratory and is now undergoing calibration. It is hoped by this 
instrument to establish the convective and radiative heat exchanges at the outer sur- 
face of the glass as accurately as they are new established for the heat exchanges 
between the indoor surface of a tést panel and the calorimeter used in these studies. 
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Securing this information is essential to a better understanding of all the factors 
that enter into questions of heat gains or losses from sunlit glass areas. It plays an 
important part in the final objective of developing design data. 

Industry interest in, and support for, these studies has been well maintained during 
the year and has greatly encouraged the staff engaged in this work. 

Cooling Loads—Periodic Heat Flow: At Cornell University, Prof. C. O. Mackey is 
studying the effect of the size of the sol-air thermometer, which was developed by 
him partially under a cooperative research agreement with the Society, on the sol-air 
temperatures obtained under natural weather conditions. The U. S. Weather Bureau 
has compiled the basic data for the determination of sol-air temperatures for New 
Orleans. It is expected that these will be computed and made available by the sum- 
mer of 1949 and thus provide these data for a hot and humid area. 

It would appear as if we had reached the stage where careful experimental studies 
should be arranged to supplement the information developed by analytical treatment. 
Periodic heat flow is still but imperfectly understood and appreciated by many air 
conditioning engineers. Yet it is of real significance in the development of cooling 
load calculations. 

Insulation: The studies mentioned in the 1947 report were completed during the 
year and plans are being made to present the results in a technical paper. 

Heat Transfer Coefficients of Evaporating Refrigerants: Prof. L. G. Seigel and his 
colleagues of Case Institute presented at the 55th Annual Meeting a paper covering 
the results obtained to date in studies designed to investigate the effects on heat 
transfer of such factors as: loading; oil circulation with the Freon; ratio of heated 
length of tube to inside diameter; refrigerant flow; and temperature difference, tube 
to refrigerant. 


Physiological Research 


The studies being carried on at the College of Medicine, University of Illinois, 
under Dr. R. W. Keeton, received a¢ditional support during the latter half of 1948 
through a grant-in-aid from the National Institutes of Health, U. S. Public Health 
Service. Two papers were prepared: one was presented at the 1948 Semi-Annual 
Meeting; the second at the 55th Annwal Meeting. 

The first paper gave comparisons of physiological adjustments of human beings to 
sudden changes in environment during summer and winter; the second discusses ad- 
justments of young normal subjects and of cardiac patients (aged 25 to 72 years) to 
such changes. It is of interest to learn that cardiac patients reacted in the same manner 
as young normal subjects to sudden changes in environmental temperature, and that 
no ill effects are apparent as a result of entering and leaving air conditioned spaces 
during the hot summer months. The studies are continuing with both healthy and 
physically impaired subjects of both sexes, using both special research clothing and 
normal summer weight clothing. 


Human Calorimetry (O.N.R. Contract) 


On June 20, a contract was signed with the Office of Naval Research to undertake 
at the Cleveland Laboratory a basic investigation in physiology. The main purposes 
of this investigation were: 

(a) To develop a calorimeter for a continuous registration of human heat exchange and its com- 
ponents. 

(b) To study human heat exchange and its factors under a variety of experimental conditions in- 
cluding extreme and sudden environmental stresses. 


R. G. Huebscher of the Laboratory staff was assigned to these studies, and Dr. 
T. H. Benzinger, of the staff of the Naval Medical Research Institute, Bethesda, is 
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spending part of his time in Cleveland working with the Laboratory staff. The basic 
principle of this calorimeter was developed by Dr. Benzinger, originally at the Uni- 
versity of Heidelberg, Germany, and later at Bethesda. 

There are a great number of interesting and important engineering problems as 
well as problems of instrumentation involved in translating the basic principles of 
such a device into a full-sized calorimeter capable of holding a subject and operating 
to the accuracy and within the limits set up in the project outline. A special Advisory 
Committee was appointed under the chairmanship of Prof. G. L. Tuve, and at the 
end of the year sufficient progress had been made to enable the Laboratory to submit 
a tentative design for the full-sized calorimeter to this Committee for study and 
approval. 

All operating costs on this project are being covered by funds made available 
through the Office of Naval Research. 


Panel Heating and Cooling 


The broad outlines of the Society’s research program in panel heating were set out 
in the Annual Report of the Committee on Research for 1947*. There have been no 
serious changes in these objectives since the report was presented, and the first part 
of the program, under Group A, has been under way continuously ever since. The 
first concrete slab was poured in March, and as soon as it was dried out and the 
instrumentation completed, tests were begun. So far as the Laboratory staff know, 
the present experimental techniques, though by no means new, have not previously 
been applied to a problem such as this, namely the measurement of the heat flow 
within, behind and from a 6 ft x 6 ft concrete slab weighing over 4200 lb. Some in- 
strumentation and control problems were therefore to be expected. They were met 
and overcome, and at the end of the year tests had been completed on this first slab 
at 4 in., 8 in., 12 in. and 16 in. tube centers, over a wide range of tube temperatures and 
with varying heat outputs. Tests of the effects on the heat flow of various thicknesses 
of insulation are currently under way. A study of floor coverings will follow. Ex- 
haustive tests made on the first slab when operating with 4-in. tube centers gave data 
which made it possible to reduce the number of tests at other tube centers and under 
other conditions. 

A second slab, much thinner, has been poured. All thermocouples have been inserted 
in the interior and on the surface, and the slab is now being dried out ready for testing. 

Analytical studies have been carried on to parallel the experimental investigation, 
but so far no conclusive results have been obtained. 

At Columbia University, Prof. Carl F. Kayan is investigating, by electrical analogy 
methods, the effect of idle tubes on the heat flow in a slab. 

An extensive bibliography of articles and references on panel heating and cooling 
up to the end of 1947 was prepared by the Laboratory staff and made available in 
mimeographed form to Society members and the industry in general. A large num- 
ber of copies have already been distributed. It is planned to bring this bibliography up 
to date yearly. 

The program under way at Kansas State College consists of an analytical study 
of the psychrometric room to determine the radiation interchange between an object 
within a bare room and its environment, and a test program within the room to study 
the various means of measuring surface temperatures and the radiating properties of 
a room. Professor Tripp is now revising a report covering Radiation Shape Factors 
Between a Plane Wall and a Globe Thermometer, which he submitted for review 
during the year. Tests with limited objectives are under way in the psychrometric 
room. 


*See A.S.H.V.E. Transactions, Vol. 54, 1948, p. 47. 
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During the year a Danish engineer, Vagn Korsgaard, served for a few months on 
the staff of the Laboratory. During that time he prepared, with the assistance of 
other members of the Laboratory staff, three papers entitled: 


(a) The Necessity of Using a Directional Mean Radiant Temperature to Describe the Thermal 
Conditions in Rooms (A.S8.H.V.E. Journa Section, Heating, Piping & Air Conditioning, June 1949, 
p. 117). 

(b) A New Radiometer Measuring Directional Mean Radiant Temperatures (A.S.H.V.E. Journat 
Section, Heating, Piping & Air Conditioning, July 1949, p. 129). 

(c) Resultant Temperature and Its M ement—A S y of Two Danish Papers (A.S.H.V.E. 
JourNnat Section, Heating, Piping & Air Conditioning, September 1949, p. 121). 


Air Cleaning 


Steady progress has been made during 1948 in the program designed to develop 
sound and acceptable codes for the testing and rating of air cleaning devices. Changes 
were made to the test equipment described and illustrated in the 1947 Annual Report, 
and techniques developed during the year for both velocity and dust distribution meas- 
urements were checked under a variety of operating conditions. 

It would be of considerable assistance in outlining some of the further steps to be 
taken in this investigation and defining the degree of accuracy to be sought in filter 
testing if an answer could be obtained to the question, Can the industry tell us what 
it wants a filter to do? This answer should come from filter users, perhaps more than 
from filter manufacturers, though it is doubtful if most users know what degree of 
cleaning they require and can afford to demand. 

Certain filter manufacturers and some large users have continued to take a great 
interest in and to give active support to this program during the year. Clean air is 
not only important to many industries but is probably of significance in questions of 
health. Wider participation in this program would enable a more concentrated attack 
to be made on the many angles involved. 


Oil-Heat Institute 


Work on the Combustion Reference Test Unit mentioned in the 1947 report con- 
tinued during the spring of 1948. The unit was transferred to Cleveland in April and 
set up with improved instrumentation. Tests made with three widely different oils 
showed that the unit had good possibilities of evaluating the burning characteristics of 
fuel oils suitable for domestic use. Additional instrumentation seems desirable to in- 
sure reproducibility of test results, especially in the matter of smoke density measure- 
ment. Certain instrument makers are cooperating with the Institute and the Society 
to this end. Further work has been approved by the Engineering Committee of the 
O.H.J. and will be under way early in 1949. 


General 


The writer left the United States in mid-August and returned in mid-October after 
visiting a number of research stations, laboratories, colleges, and other institutions in 
England where studies of interest to the Society were in progress. He discussed the 
subject of research for the heating, ventilating and air conditioning engineer before 
a special meeting of the /nstitution of Heating and Ventilating Engineers on Sep- 
tember 29 in London dealing in some detail with the Society’s research program. He 
also spoke before the Fuel Luncheon Club on October 5 and the Rumford Club on 
September 23, both in London. 

Liaison was established with most, if not all, of the principal investigators in the 
Society’s field of interest, and mutual exchange of reports and memoranda arranged. 
This has already begun and reports, received well in advance of general publication, 
are proving of interest in the Society’s research program. 
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A report, British Research in Heating and Ventilating in 1948, was made available 
in mimeographed form early in 1949. Copies may be obtained from the Laboratory. 

Staff members have addressed five chapters during 1948 on various phases of the 
research program. Centact has been established and/or maintained with the Depart- 
ment of the Army and with the Navy Department. 


ACKNOWLEDGMENTS 


The expansion of Society research during 1948 was only possible because the 
Laboratory staff received every en: ouragement and support from the Society officers 
and Council and especially from the chairman and members of the Committee on 
Research and the members of the various Technical Advisory Committees. On behalf 
of the staff the writer expresses deep appreciation of this confidence. Research ac- 
counting was transferred to Cleveland as of July 1, thus enabling a closer check to 
be kept on project expenditures and general operating expenses. The writer gladly 
takes this opportunity to express his thanks to all Laboratory staff members for their 
loyal services and especially to Mr. Humphreys who acted as Director during his 
absence from the country. 


Respectfully submitted, 


CYRIL TASKER, Director of Research 


President Tuve introduced Nathaniel Glickman, Chicago, IIl., who presented 
the first technicai paper, Physiologic Adjustments of Normal Subjects and 
Cardiac Patients to Sudden Change in Environment, by Nathaniel Glickman, 
Tohru Inouye, R. W. Keeton, M.D., I. R. Callen, M.D., and F. K. Hick, M.D., 
Chicago, Ill., and M. K. Fahnestock, Urbana, Ill. (see Chapter 1350). 

G. V. Parmelee, Cleveland, Ohio, presented the second and final paper at the 
session, Overall Coefficients for Flat Glass Determined Under Natural Weather 
Conditions, by G. V. Parmelee and W. W. Aubele, Cleveland, Ohio (see 
Chapter 1351). 


SEconpD SESSION—TUESDAY, JANUARY 25, 1949, 9:45 a.m. 


The Tuesday session convened at 9:45 a.m., with Pres. G. L. Tuve ~esiding. 
President Tuve called for the report oi the Board of Tellers, whicii . as pre- 
sented by Roswell Farnham, chairman of the Board of Tellers, as follows: 


REpoRT OF TELLERS OF ELECTION 
BALLOT FOR OFFICERS 


1st Vice Pres., Lester T. Avery, Cleveland, Ohio....................... 

2nd Vice Pres., L. E. Seeley, Durham, N. H.....................00006 é 


MEMBERS OF COUNCIL 


. W. Boyd, Atlanta, Ga... 

. R. Gardner, Dallas, Texas... 

Kroeker, Portland, Ore... 

. O. Mackey, Ithaca, N. Y.. 
Total Ballots Received...... 
Total Legal Ballots............ 
Invalid Ballots................ 


= 
Total 
1453 
1454 
1452 
1454 
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COMMITTEE ON RESEARCH—THREE-YEAR TERM 


I. W. Cotton, Indianapolis, 1372 
Nathaniel Glickman, i ..1353 


R. D. Madison, Buffalo, N. Y.. 


E. R. Queer, State College, Pa 1407 
Scattering votes: President 2nd Vice ee... .1; lst Vice President... + 
Treasurer.................. Council 5; Committee on Research.................. 


Board of Tellers 


ROSWELL FARNHAM, Chairman 
D. B. ANDERSON 
B. S. Foss, Jr. 


First Vice Pres. A. E. Stacey, Jr., presided and introduced N. W. Snyder, 
Berkeley, Calif., author of the first paper, The Internal Performance of an 
Induced Draft, Packed Cooling Tower, and Mr. Snyder made the presen- 
tation (see Chapter 1352). 

The second paper, Heat Transfer Rates for Refrigerant Boiling in Hori- 
zontal Tube Evaporators, by L. G. Seigel, W. L. Bryan, and M. C. Huppert, 
Cleveland, Ohio, was read by Mr. Seigel (see Chapter 1353). 

The third and last paper at the session was Psychrometric Factors in the 
Air Conditioning Estimate, by C. M. Ashley, Syracuse, N. Y., and was pre 
sented by the author (see Chapter 1354). 


Tuirp SEssion—WEDNESDAY, JANUARY 26, 9:30 A.M. 


Second Vice Pres. Lester T. Avery called the Wednesday morning session 
to order at 9:30 a.m. He stated that the purpose of the meeting was to bring 
out information about home heating, and that three presentations dealing with 
different phases of the subject were to be made. 

W. M. Myler, Jr., Columbus, Ohio, read the paper, Are Automatic Shutters 
Justified on a Gas-Fired Conversion Burner, which he and H. W. Nelson, 
also from Columbus, prepared (see Chapter 1355). 

The second paper, Performance of Fourteen Masonry Chimneys Under Steady 
State Conditions, by P. R. Achenbach and S. D. Cole, Washington, D. C., was 
given by Mr. Achenbach (see Chapter 1356). 

The third and concluding paper at the session was Performance of Resi- 
dential Chimneys, by L. B. Schmitt and R. B. Engdahl, Columbus, Ohio, and 
was presented by Mr. Schmitt (see Chapter 1363). 


FourtH SEssion—WEDNESDAY, JANUARY 26, 2:00 P.M. 


At 2:00 p.m. President Tuve called the Wednesday afternoon session to order 
and announced that the subject would be panel heating. R. J. Lorenzi, New 
Haven, Conn., presented the paper, Performance of an Electrical System of 
Panel Heating with Four Stages of Insulation, by R. J. Lorenzi and J. F. 
Schreiber, Passaic, N. J. (see Chapter 1357). 


Two-YEAR TERM 
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C. M. Humphreys, senior engineer, A.S.H.V.E. Research Laboratory, Cleve- 
* land, Ohio, gave a short report on the progress of panel heating research con- 
ducted at the Laboratory. 

The second paper, Heating a Basementless House with Radiant Baseboard, by 
R. H. Weigel and W. S. Harris, Urbana, IIl., was presented by Mr. Weigel 
(see Chapter 1358). 

The third and last paper at this session was Heating Panel Time Response 
Study, by A. B. Algren and Ben Ciscel, Minneapolis, Minn., and was given by 
Mr. Ciscel (see Chapter 1359). 


FirtH SEssion—THuRSDAY, JANUARY 27, 10:00 a.m. 


The fifth and final technical session of the Meeting was opened by President 
Tuve at 10:00 a.m., and the first technical paper, Turbulence—A Fundamental 
Frontier in Air Distribution, by H. B. Nottage, Cleveland, Ohio (see Chapter 
1360), was presented by Mr. Nottage. 

The second paper, Balancing Air Delivery of a System of Manifold Air 
Diffusers, by G. S. Dauphinee and Peter Argentieri, New York, N. Y., was 
given by Mr. Argentieri (see Chapter 1361). 

The third and concluding presentation was Air Distribution and Draft, by 
John Rydberg and Per Norback, Stockholm, Sweden (see Chapter 1362), and 
was read by C. M. Humphreys, Cleveland, Ohio. 


INSTALLATION OF OFFICERS 


The new officers were installed in their positions in ceremony conducted by 
W. H. Driscoll, past president of the Society. 

Newly elected Council Members, C. Rollins Gardner, Dallas, Tex., J. Donald 
Kroeker, Portland, Ore., Spencer W. Boyd, Atlanta, Ga., and C. O. Mackey, 
Ithaca, N. Y., were introduced. 

Mr. Driscoll welcomed Ernest Szekely, Milwaukee, Wis., newly elected 
Treasurer, and Dean Lauren E. Seeley, Durham, N. H., Second Vice President, 
and Lester T. Avery, Cleveland, Ohio, First Vice President. 

President-elect Alfred E. Stacey was then presented by Mr. Driscoll, who 
said, “You have served the Society well since 1914 and I am sure that you will 
serve in the same fine tradition established by a long line of distinguished 
predecessors.” 

President Stacey accepted the gavel, and after expressing his deep apprecia- 
tion for the honor of being elected president of the Society, said that he looked 
forward to the coming year with a great deal of enthusiasm. 


RESOLUTIONS 


Dean L. G. Miller, Lansing, Mich., chairman of the Committee on Resolutions, then 
presented his report as follows: 


Wueneas, Prof. G. L. Tuve has served the Society long, efficiently and faithfully on many com- 
mittees, the Council, and as Vice President and President, 

Wueneas, his very able application of his talent to Society affairs, particularly research, has con- 
tributed so greatly to the advancement of the art of heating and ventilation, 


= 
‘ 


24 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Be Ir Resoivep, That the A.S.H.V.E. extends its most sincere thanks to him for his generous and 
unselfish efforts in behalf of this Society. 

Whereas, this, the 55th Annual Meeting of the Society, has been one of the most outstanding 
Annual Meetings that the Society has ever held, not only in the all-time record attendance, but also 
in the quality and interest in the papers presented, in the work accomplished at the many committee 
meetings, in the enjoyable entertainment provided for the ladies, the members and the guests, and 
in the number an! attraction of the exhibits at the 9th International Heating and Ventilating 
Exposition, 

Be Ir Reso.ven, That the appreciation and sincere thanks of the members of the Society be 
extended : 

To the Illinois Chapter for the splendid manner in which they planned, organized and conducted 
the Annual Meeting. 

To the Officers, the Council and the Staff Executives of the Society for their able direction of the 
Annual Meeting. 

To the authors of the various technical papers presented at the Annual Meeting, for the knowledge, 
thought and time which they contributed in preparing and presenting their papers. 

To the speakers who addressed the meeting, for their interesting and informative talks. 

To those who so pleasantly entertained the members at different times during the meeting. 

To the daily newspapers and the technical press for the fine reporting of the meeting. 

To the management and staff of the Chicago hotels, who provided the hotel facilities for the 
Annual Meeting, for the splendid service and excellent cooperation. 

To the manufacturers and the exhibitors at the Heating and Ventilating Exposition for the excellent 
displays and to Charles F. Roth and his staff for the efficient handling of the Exposition. 

To the railroads and airways for assistance in transportation. 


Respectfully submitted, 


Reso.uTions CoMMITTEE 
G. Miter, Chairman 
M. C. Beman 
G. Lorne Wices 


On motion, properly seconded, the Resolutions were unanimously adopted by 
a rising vote. 

The 55th Annual Meeting of the Society was adjourned at 12:00 noon on 
Thursday, January 27, 1949. 


PROGRAM 55th ANNUAL MEETING 
Stevens Hotel, Chicago, Ill.—January 24-27, 1949 


Sunday—January 23 
1:30 p.m. REGisTRATION—2nd Floor 


Monday—January 24 


8:30a.m. ReGIstRATION—(2nd Floor) 
9:30a.m. Business Session—(Grand Ballroom) Presiding officer: G. L. Tuve 
Greetings 
Reports of Officers and Committees 
. Report of Committee on Research, by L. N. Hunter, Chairman 
Physiologic Adjustments of Norma! Subjects and Cardiac Patients to 
Sudden Change in Environment, by Nathaniel Glickman, Tohru 
Inouye, R. W. Keeton, M.D., I. R. Callen, M.D., F. K. Hick, M.D., 
and M. K. Fahnestock 
Overall Coefficients for Flat Glass, Determined under Natural Weather 
Conditions, by G. V. Parmelee and W. W. Aubele 
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12:15 p.m. 
2:00 p.m. 


4:00 p.m. 
9 :00 p.m. 


9:00 a.m. 
9 :30 a.m. 


11 :30 a.m. 
12:30 p.m. 
2:00 p.m. 


2:30 p.m. 
6:30 p.m. 


9:00 a.m. 
9 :30 a.m. 


2:00 p.m. 


7 :00 p.m. 


9:00 a.m. 
10:00 a.m. 
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Wetcome LuNcHEON—Speaker: Dr. Henry T. Heald, Presiding officer : 
C. M. Burnam, Jr., President of Illinois Chapter 

Opening 9th International Heating and Ventilating Expcsition—Z/nter- 
national Amphitheater 

Reception for Ladies-Get-Together—(2nd Floor) 

Informal Party—(Grand Ballroom) 


Tuesday—January 25 


REGISTRATION—2nd Floor 
TECHNICAL Session—(Grand Ballroom) Presiding officer : A. E. Stacey, Jr. 
Report of Tellers of Election 
The Internal Performance of an Induced Draft, Packed Cooling Tower, 
by N. W. Snyder 
Heat Transfer Rates for Refrigerant Boiling in Horizontal Tube 
Evaporators, by L. G. Seigel, W. L. Bryan and M. C. Huppert 
Psychrometric Factors in the Air Conditioning Estimate, by C. M. Ashley 
Buses leave Stevens Hotel for Luncheon and Fashion Show at Edgewater 
Beach Hotel. 
Luncheon Meeting—L. N. Hunter, Chairman, Committee on Research, 
presiding. Speaker: Cyril Tasker, Director of Research, A.S.H.V.E. 
Inspection Trip to Merchandise Testing and Development Laboratories of 
Sears, Roebuck & Co. 
Inspection Trip to Ilg Electric Ventilating Co. Plant 
Past Presidents’ Dinner—Room 4 


Wednesday—January 26 


REGISTRATION—2nd Floor 
TECHNICAL Session—(Grand Ballroom) Presiding officer: Lester T. 
Avery 
Are Automatic Air Shutters Justified on a Gas-Fired Conversion 
Burner?, by W. M. Myler, Jr., and H. W. Nelson 
Performance of Fourteen Masonry Chimseys Under Steady State Con- 
ditions, by P. R. Achenbach and S. D. Cole 
Performance of Residential Chimneys, by L. B. Schmitt and R. B. 
Engdahl 
TECHNICAL SEssion—(Grand Ballroom) Presiding officer: G. L. Tuve 
Performance of an Electrical System of Panel Heating with Four 
Stages of Insulation, by R. J. Lorenzi and J. F. Schreiber 
Heating A Basementless House With Radiant Baseboard, by R. H. 
Weigel and W. S. Harris 
Heating Panel Time Response Study, by A. B. Algren and Ben Ciscel 
ANNUAL BANQUET 
Toastmaster: John Howatt, past-president, A.S.H.V.E. 
Speaker: Dr. Clark G. Kuebler, president, Ripon College, Ripon, Wis. 
Subject: Formula for Freedom 
Presentation of Past President’s emblem by Prof. G. L. Larson 


Thursday—January 27 


REGISTRATION—(North Ballroom) 
TECHNICAL Session—(North Ballroom) Presiding officer: G. L. Tuve 
Turbulence—A Fundamental Frontier in Air Distribution, by H. B. 
Nottage 
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Balancing Air Delivery of a System of Manifold Air Diffusers, by 
G. S. Dauphinee and Peter Argentieri 
Air Distribution and Draft, by John Rydberg and Per Norback 


Unfinished Business 
New Business 
Resolutions 
Installation of Officers 
Adjournment 


1:30p.m. Inspection Trip to McDonnell & Miller Plant and Laboratory 


COMMITTEE ON ARRANGEMENTS 


W. A. KUECHENBERG, General Chairman 


J. H. Mitiixen, Vice Chairman 


Honorary Chairmen 


H. M. Hart 
Dr. E. Vernon 


Joun Howatt 
S. R. Lewis 


Dr. A. C. WILLARD 


Banquet Commitiee—H. G. Chapin, 
Chairman, M. J. Bamond, Co-Chairman, 
C. H. Bevington, C. W. DeLand, Harry 
Himelblau, W. G. Hoskins, C. R. Kuglin, 
Eugene Mathis, Orville Miller, Jr., R. A. 
Patterson, J. J. Philippi, S. I. Rottmayer, 
D. B. Scheidecker, J. F. Tobin, M. J. 
Stevenson. 


Entertainment Committee—J. S. Kear- 
ney, Chairman, W. H. Brackett, A. L. 
Crump, M. J. Fitzgerald, E. P. Heckel, 
Jr., A. O. May, L. O. Paul, L. J. Potvin, 
C. E. Price, E. E. Sundeen, H. G. Swart. 


Exposition Committee—G. W. Born- 
quist, Chairman, C. C. Graves, A. W. Lip- 
pitt, R. V. Mehaffey. 


Finance Committee—P. J. Marschall, 
Chairman, W. F. Christmann, H. E. Clo. 


Ladies’ Committee—Mrs. W. A. Kuech- 
enberg, Chairman, Mrs. C. E. Price, Sec- 
retary, Mrs. M. J. Bamond, Mrs. M. W. 
Bishop, Mrs. G. W. Bornquist, Mrs. C. M. 


Burnam, Jr., Mrs. H. G. Chapin, Mrs. 
J. S. Kearney, Mrs. P. J. Marschall, Mrs. 
J. H. Milliken. 


Publicity Committee—O. J. Prentice, 
Chairman, W. W. Gothard, M. M. Hattis, 
T. V. Johnson, G. G. Turner. 


Reception Committee—M. W. Bishop, 
Chairman, A. S. Ammerman, Jr., H. E. 
Anderson, B. L. Casey, G. B. Coffey, 
H. J. Couch, Thomas Cranage, C. E. 
Crone, J. F. Cummiskey, E. B. Ericsson, 
J. J. Hayes, C. W. Johnson, W. W. Lige, 
A. B. Martin, J. C. Matchett, J. E. Mc- 
Clellan, E. N. McDonnell, E. M. Mitten- 
dorff, R. O. Nelson, H. J. Prebensen, 
W. A. Stahl, A. G. Stout, N. W. Swan- 
son, M. J. Van Weelden. 


Sessions Committee—G. V. Zintel, Chair- 
man, R. H. Burgess, J. H. Clarke, G. G. 
Freyder, H. G. Gragg, Herbert Kreis- 
man, J. W. Muessig, R. W. Shields, 
R. M. Spencer, L. H. Streb, C. M. Vreuls, 
V. L. Wesby. 


= 


No. 1350 


PHYSIOLOGIC ADJUSTMENTS OF NORMAL 
SUBJECTS AND CARDIAC PATIENTS TO 
SUDDEN CHANGE IN ENVIRONMENT 


By NATHANIEL GLICKMAN*, INouyE**, Ropert W. Keeton®, M.D., 
Irwin R. Catienf, M.D., Forp K. Hicxtt, M.D., Cuicaco, ILt., 
AND Maurice K. Faunestockf, UrsBana, ILL. 


This paper is the result of research sponsored by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS in 
cooperation with the University of Illinois, College of Medicine 


f Fer RAPIDITY and magnitude of certain physiological adjustments of 
healthy young adult males on exposure to sudden changes in environmental 
temperature and humidity have been reported!:?. The adjustments occurred 
rapidly and placed little strain on the cardiovascular system. This is in accord 
with general experience of the public that no ill effects are apparent to normal 
individuals making the adjustments required by entering and leaving an air- 
conditioned space during the hot summer months. The purpose of the present 
study was to compare the responses of individuals having impaired cardiovas- 
cular systems with those of normal subjects when each group was exposed to 
sudden changes in the environmental temperature and humidity. 


SuBJEcTS 


Ten healthy male medical students, ranging in age from 19 to 29 years 
(average 23 years), were the subjects for the control series. Sixteen male 


* Assistant Professor of Medicine and Research Physiologist, Department of Medicine, University 
of Illinois. Member of A.S.H.V.E. 

** Research Assistant, Department of Medicine, University of Illinois. 

° Head, Department of Medicine, University of Illinois. Member of A.S.H.V.E. 

t Instructor in Medicine, Department of Medicine, University of Illinois. 

tt Associate Professor of Medicine, Department of Medicine, University of Illinois. 

t Assistant Director, Engineering yo Station, Department of Mechanical Engineering, Uni- 
versity of Illinois. Member of A.S.H.V. 

1 Exponent numerals refer to Sehemen. 

Presented at the 55th Annual Meeting of Tue American Society oF HeatinG AND VENTILATING 
Enorneers, Chicago, Ill., January 1949. 


27 


| 
: 


28 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


patients with cardiovascular impairment, ranging in age from 25 to 72 years 
(average 57 years), were the subjects for comparison. The clinical diagnosis 
and functional classification of all patients, according to the American Heart 
Association®, are presented in Table 1. 


PROCEDURE, OBSERVATIONS AND EXPERIMENTAL CONDITIONS 


The procedure, observations and experimental conditions were the same for 
the normal subjects and cardiac patients and have been described in detail in 


Tasie 1. DIAGNOSIS AND CLASSIFICATION OF THE PATIENTS 


PATIENT BLoop FUNCTIONAL 
DIAGNOSIS NuMBER AGE Pressure 
A. Arteriosclerotic Heart Disease 
(1) without evidence of coronary disease . 1 72 144/88 I 
2 69 174/72 II 
(2) with evidence of coronary disease. . . 3 72 174/72 II 
4 65 166/88 II 
(3) with old myocardial infarction...... 5 56 142/86 I 
6 60 140/88 II 
B. Hypertensive Cardiovascular Disease 
(i) without evidence of coronary disease . 7 66 190/106 I 
8 52 232/140 I 
9 42 212/130 III 
(2) with evidence of coronary disease. . . 10 57 162/88 II 
ll 69 156/92 II 
C. Hypertensive and Arteriosclerotic Heart 
Disease 
(1) with evidence of coronary disease. . . 12 62 160/88 Ill 
D. Valvular Cardiac Disease 
(1) rheumatic etiology................ 13 45 134/94 I 
14 25 100/70 Ill 
15 43 148/80 I 


® Classification according to American Heart Association: 

“Class I. Patients...without limitation of physical activity. Ordinary physical activity causes no 
discomfort. 

“Class II. Patient...with slight to moderate limitation of physical activity. Ordinary physical 
activity causes discomfort. 

“Class III. Patients...with moderate to great limitation of physical activity. Less than ordinary 
physical activity causes discomfort. 

“Class IV. Patients...unable to carry on any physieal activity without discomfort.” 


a previous paper!. The subjects and patients (dressed in thermocouple union 
suits) remained in the comfortable room (designated comfortable room 1) for 
one hour and then entered and remained in the hot room for one hour, after 
which they returned to the comfortable room (designated comfortable room 2) 
for one hour. 

Observations included skin and rectal temperatures, evaporative weight loss, 
time of onset of perspiration, blood pressure, pulse rate, and subjective sensation 
of warmth or coolness. 

The scale for the subjective sensation of comfort was similar to that described 
in an earlier paper! and was: (1) Cold; (2) Cool; (3) Slightly cool; (4) Com- 
fortable; (5) Slightly warm; (6) Warm; (7) Hot. 
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The subjects were trained in the use of the comfort scale before starting the 
series of experiments. Intermediate votes such as 244, 34%, or 44% were accepted 
during the adjustment period. 

The comfortable room was maintained at a constant dry bulb temperature 
of 76 F and a water vapor pressure of 0.356 psi corresponding to a relative 
humidity of 80 percent and an effective temperature of 73.4. The hot room was 
maintained at a dry bulb temperature of 98.5 F and a water vapor pressure of 
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Fic. 1. AVERAGES FOR RECTAL AND MEAN SKIN TEMPERATURE AND COMFORT 
VOTE FOR NORMAL SUBJECTS AND CARDIAC PATIENTS IN COMFORTABLE ROOM 2, 
HOT ROOM AND COMFORTABLE ROOM 2 


0.599 psi corresponding to a relative humidity of 66 percent and an effective 
temperature of 90.2. 

Statistical Analysis of the Data: Fisher’s modification* (p. 107) of Student’s 
method for the comparison of two groups of unpaired data was used. The 
probabilities given were taken from Student’s tables5 and differences were con- 
sidered significant when the probability (P) was less chan 0.030. 


RESULTS 


The mean values for normal subjects and cardiac patients ‘under comfortable 
conditions in equilibrium with the environment (comfortable room 1) are 
shown in the Figs. 1, 2, and 3. The final values for mean skin temperature 
averaged 92.4 F for the normal subjects and 91.5 F for the patients. The differ- 
ence of 0.9 F was statistically significant (P= 0.013). No significant differ- 
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ences were found between the normal subjects and cardiac patients in final 
rectal temperature, final comfort vote, final pulse rate and average rate of 
evaporative weight loss. The blood pressure was significantly higher in the 
cardiac patients than in the normal subjects; the systolic pressure averaged 55.5 
mm Hg higher (P= 0.003) and the diastolic pressure averaged 22.4 mm Hg 
higher (P = 0.025). This was anticipated because of the large difference in age. 

Mean Skin Temperature: The rapidity and magnitude of the change in mean 
skin temperature of the normal subjects and cardiac patients can be seen in 
Fig. 1. Although the final mean skin temperature in comfortable room 1 aver- 
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Fic. 2. AVERAGES FOR BODY WEIGHT FOR NORMAL SUBJECTS AND CARDIAC 
PATIENTS IN COMFORTABLE ROOM 1, HOT ROOM AND COMFORTABLE ROOM 2 


aged 0.9 deg lower for the cardiac patients than for the normal subjects, 
the increase 10 min after entering the hot room was the same (3.8 deg) for 
both groups. This would suggest that the warming curve might be different. 
However, an analysis of the data, using only the experiments in which the final 
mean skin temperature in comfortable room 1 ranged from 91.4 to 93.2 F for 
the normal sul;ects (¥ experiments) and 91.0 to 93.4 F for the cardiac patients 
(10 experiments} with averages of 92.0 F for both groups, revealed that the 
increase i0 min after entering the hoc room was the same. At the end of the 
hour in the hot room <>ere was no difference in mean skin temperature between 
groups. The tempera’: was 96.9 F for the normal subjects and 96.8 F for 
the cardiac patients. 

Ir. comfortable room 2, after the hot room exposure, no statistically significant 
differences in decrease of mean skin temperature occurred. The slight diver- 
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gence after 20 min (Fig. 1) merely reflects the somewhat greater, but not 
significant, amount of moisture present in the union suits of the cardiac patients. 

The skin temperatures of various segments of the body of normal subjects 
and cardiac patients were compared. Only the temperature of the foot was 
found to be significantly different. For the normal subjects, the final com- 
fortable room 1 temperature of the heel and toe averaged 91.6 and 88.9 F 
respectively, and 84.2 and 85.1 F, respectively, for the cardiac patients. Even 
after one hour in the hot room, the foot temperature remained definitely differ- 
ent. The heel and toe temperatures averaged 97.9 and 97.3 F respectively, for 
the normal subjects and 96.4 and 94.6 F, respectively, for the cardiac patients. 
At the end of the hour in comfortable room 2, however, only the toe temperature 
was significantly lower for the cardiac patients (90.7 as compared to 88.2 F). 

Rectal Temperature: The rectal temperature has been shown }-? to decrease 
slightly within 10 min of entering a hot enviroument. This is due to a transfer 
of heat from the deep to the superficial tissues as a result of the rapid redistribu- 
tion of blood. The rectal temperature (Fig. 1) decreased within 10 min after 
entering the hot room, an average of 0.26 deg (P <0.001) in the normal subjects 
and an average of 0.12 deg (P= 0.008) in the cardiac patients. The small 
difference between groups was statistically significant (P = 0.018) but of little 
clinical importance. The rectal temperature increased slightly for both groups 
by the end of the hour in the hot room, but there was no real difference 
between groups. 

On entering comfortable room 2, after the hot room exposure, there was a 
similar small, but statistically significant, increase in rectal temperature in both 
groups (P<0.001). This has been previously reported for normal sub- 
jects! 2.6.7, Thereafter, the rectal temperature decreased slowly with no definite 
differences between groups. 

erspiration and Evaporation: The time when visible perspiration appeared 
in the hot room varied widely in both groups. The average time of apps:ar- 
ance was 9.3 and 11.2 min in the normal subjects and cardiac patients, respec- 
tively. The difference was not significant and indicated that the cardiac patients 
could perspire as readily as the normal subjects. 

The estimated water loss (perspiration?) during the one hour in the hot 
room averaged 224 gms for the normal subjects and 282 for the cadiac patients. 
The difference of 58 gms was not statistically significant. 

There was no real difference between groups in the estimated amount of 
available moisture on the skin and in the union suit at the time of entrance into 
comfortable room 2. Further, there was no significant difference in the total 
amount of evaporation which occurred in the hot room and in comfortable room 
2 (Fig. 2). 

Pulse Rate: The final pulse rate in comfortable room 1, as shown in Fig. 3, 
was about the same for the normal subjects and cardiac patients. Also, the 
increase 3 min after entering the hot room was about the same (6.3 and 5.7 
beats per minute for the normal subjects and cardiac patients, respectively). On 
the other hand, the normal subjects had an average increase in pulse rate 
of 12.0 beats per minute from the end of the comfortable room 1 to the end of 
the hot room exposure, whereas the cardiac patients had an average increase 
of only 6.1 beats per minute. The difference was definite (P= 0.005). Thus, 
the initial adjustment of the pulse rate on exposure to the hot room was the 
same for both groups, but the response thereafter was different. After the 
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initial response, the normal subjects showed a further small increase which 
was not shown by the cardiac patients. 

On entering comfortable room 2, after the hot room exposure, the pulse rate 
of the normal subjects decreased an average of 10.6 beats per minute, while 
that of the cardiac patients decreased only 2.3 beats per minute. The difference 
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Fic. 3. AVERAGES FOR SYSTOLIC PRESSURE AND PULSE RATE FOR NORMAL SUB- 
JECTS AND CARDIAC PATIENTS IN COMFORTABLE R20M 1, HOT ROOM AND COM- 
FORTABLE ROOM 2 


was highly significant statistically (P= 0.003). Thereafter, the pulse rate in 
comfortable room 2 was about the same for the two groups. 

Blood Pressure: The normal subjects had an average increase in systolic pres- 
sure of 3.8 mm Hg on entering the hot room and the cardiac patients an aver- 
age increase of 10.5 mm Hg (Fig. 3). This difference was not significant. 
Further there was no real difference in the magnitude of the increase in systolic 
pressure on entering comfortable room 2, even though the increase averaged 
16.3 mm Hg for the cardiac patients and only 7.3 mm Hg for the normal 
subjects. 

There were no significant differences in changes of diastolic pressure at any 
time during the experiment. 
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Comfort Vote: The comfort vote immediately on entering the hot room aver- 
aged 6.2 and 5.3 for the normal subjects and cardiac patients, respectively (Fig. 
1). The difference was definite (P< 0.001) and indicated that the subjective 
sensation of warmth on entering the hot room was distinctly greater for the 
normal subjects. However, the difference remained significant for only the 
first five minutes. The subjective sensation of warmth changed little for the 
normal subjects after entrance, whereas it continued to increase for the cardiac 
patients. By the end of the hour in the hot room, the cardiac patients definitely 
(P= 0.023) felt warmer than the normal subjects. 

The comfort vote immediately on entering comfortable room 2 and during 
the remainder of the hour in this room was similar for both groups. 


DIscuSsSsION 


The final mean skin temperature in comfortable room 1 was significantly 
lower statistically for the cardiac patients than for the normal subjects. How- 
ever, the difference amounts to only 0.9 F and clinically would be of little 
importance. 

The lower foot temperature of the cardiac patient probably represents vascular 
changes incident to their disease and their age. Their blood vessels do not dilate 
as readily as do those of normal subjects. 

There appeared to be no greater stress on the cardiovascular system of the 
cardiac patients than that of the normal subjects as measured by changes in 
pulse rate. The cardiac patients had less of an-increase in pulse rate on enter- 
ing the hot room, less of an overall increase during the hot room exposure and 
less of a decrease on entering comfortable room 2. 


SUMMARY AND CONCLUSIONS 


Physiological adjustments on exposure to sudden changes in environmental 
temperature of 16 cardiac patients were compared with those of 10 normal sub- 
jects. The data obtained justify the following conclusions: 


1. The cardiac patients had a significantly lower final mean skin temperatur< (0.9 
F) in comfortable room 1, but thereafter the changes were similar to the «ormal 
subjects. 

2. The cardiac patients had a significantly lower foot temperature throughout the 
experiment. Other segments of the body revealed no differences. 

3. With one minor exception, no differences in rectal temperature were observed. 

4. No differences were observed in the average rate of evaporative weight loss. 
There were no differences in the time of onset of visible perspiration and in the 
amount of perspiration. 

5. The pulse rate of the cardiac patients increased less during the hot room 
exposure and decreased less on entering comfortable room 2. Other adjustments were 
similar. 

6. The changes in blood pressure were similar, even though the cardiac patients 
had a higher average blood pressure. 

7. The subjective sensation of warmth for the cardiac patients was less on enter- 
ing the hot room but became greater by the end of the hour. The comfort vote other- 
wise was similar. 


The results indicated that the observed responses of cardiac patients on 
exposure to sudden changes in environmental temperature were similar in most 


34 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


respects to those of young normal subjects. The few definite differences that 
did appear may represent differences which would have been observed as a 
result of the aging process in relatively normal individuals. 
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DISCUSSION 


Capt. A. R. Beunxe, Bethesda, Md. (WrittEN): The writer suggests that the 
title of the paper make some mention of the fact that the normal subjects were young 
and that the cardiac patients were old, as well as of a change in the environment from 
a comfortable to a hot condition. Pulse-rate changes were of particular interest, but 
it would appear necessary to interpret these changes in connection with the alteration 
in blood pressure, particularly pulse pressure. Of special interest were the differences 
in skin and toe temperatures between the cardiac patients and the normal individuals. 


R. W. Keeton, M.D., Chicago, Ill. (Written): Since the paper had already gone 
to press and also because the authors do not believe the title should stress the age 
differences, no change is indicated. 

If consideration is given to the effects of age, then the subjects should be in a 
normal state of health for their respective ages in order to make valid comparisons. 
In the list of cardiac subjects, the ages of five were below 50 (25, 42, 43, 45, 48) and 
eleven were above 50. Hence, the cardiacs could not accurately be classified as old 
subjects. 

It would be a most important observation if there were a correlation between pulse 
rate and pulse pressure. The product of pulse rate times the pulse pressure would 
give an indication of cardiac output. The authors did compare the changes in this 
product in normal patients with that in the cardiac patients and found no significant 
changes. 
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C. S. Leopotp, Philadelphia, Pa.: Years ago the writer asked a group of M.D.’s 
if there were any unusual clinical experiences, either respiratory or cardiac, of people 
who work in an icehouse or other occupations in which persons frequently went from 
chilled interiors to warm outdoors. They replied in the negative. Although they had 
conducted no research before answering this question, it was reasonable to assume 
that if the effect of such a change was not evident, the effect at most must be of a 
minor nature. 

The writer does not believe that any of us has had first-hand, statistically significant 
experience of serious results with people going from a warm outdoors to a cool 
indoors, or vice versa. We all know someone who heard about someone who knew 
someone who was affected. To a large degree, this paper has put the scientific 
stamp on our daily observation. It is, therefore, a welcome contribution to the art. 


It is unfortunate that, in spite of the data given in this paper, we shall continue to 
hear of the danger of this change in exposure. There is probably nothing we can do 
about it except to see that the Society’s publications give these findings full recognition. 


Cyrit Tasker, Cleveland, Ohio: It may be of interest to the membership to know 
that these studies are being conducted under the guidance of the Technical Advisory 
Committee on Physiological Research, the chairman of which for the past several 
years has been Dr. C.-E. A. Winslow, a past president of the Society. That Com- 
mittee contains quite a number of eminent medical men and also has an international 
flavor. We have one member from England, one from Australia and one from 
France on the Committee as corresponding members. 


The other rather interesting feature, somewhat apropos of what Mr. Leopold has 
said, is that this work has received support from two rather important bodies. The 
first is the Association of American Railroads. This body has contributed to and 
participated financially in this work because it is interested in the effect of sudden changes 
of environment on people traveling on trains. As Mr. Leopold said, we have all 
heard of someone who knew someone who was told about someone who got off a 
train in Florida and fell down on the pavement and blamed the railroads because 
they did not air-condition their train properly and did not gradually change train 
conditions as the train traveled from Cleveland, where it was nice and cold, to 
Florida, where it was nice and warm. 


The other organization that has supported this work is the United States Public 
Health Service, through the National Institutes of Health. Some 18 months ago, we 
approached the National Institutes of Health with regard to this work. As soon as 
the results of Society work in the past were presented to that Institute and reviewed 
by their reviewing body, we received some financial support. That financial support 
is continuing. We have already made an application for its continuance through 1949 
and 1950. This work therefore, is receiving the backing of important bodies, which 
are careful about the kind of projects into which they put their money. It is per- 
haps of interest to the membership to know that this work is appreciated outside the 
Society’s own membership. 


Lester T. Avery, Cleveland, Ohio: Since the Society has doubled its membership 
since 1942, many members may not be familiar with the large amount of physiological 
work that was done by the Society with its own funds and in its own Research 
Laboratory, and also in cooperation with other societies and medical schools. 

A record of this work appears in the Society’s TRANSACTIONS from 1925 to 1940. 
It provides much information on what limits people can stand. Society research was 
directed to the determination of two limits. One was the limit of minimum cold or 
the minimum heat or the minimum operation cost. The other was the maximum 
that the body could stand. Having determined from this research that the body is 
a wonderful machine, the time has come to conclude that it is not sinful to live with 
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air conditioning, and that persons can go from the unconditioned space to the condi- 
tioned, or vice versa, without ill effects, whether they are healthy, whether they are 
young, and whether they are cardiac cases or not. 

If this subject needs further study, it is suggested that workers in the ice-cream 
industry be examined. These men go from temperatures of —40 deg to hot shipping 
platforms. Such a study would determine the facts and once and for all lay low this 
ghost of the hazard of shock effect. 

The writer suspects that the complaint of shock arises comes from the man who 
does not want to install air conditioning. Such a person assumes air conditioning is bad 
because he does not want to invest in it. 

Cooperative research work in the Society necessarily had to be reduced during the 
war years. The time has come to resume this activity. Data are now available on 
the maximum temperature a person can stand and continue to work. Codes have 
been prepared which set limits in the hot industries. The time has come for the 
Society to determine the optimum working conditions for these industries. 

Several papers dealing with minimum strain have been discussed before this 
Society. The writer suggests that the next step forward is to determine, in coopera- 
tion with medical schools and hospitals, the optimum condition which can be safely 
recommended for living and for working. The profession would then be abie to 
state that, for a given situation, a specific condition was good not only from the 
standpoint of comfort, but also from that of health. 


M. K. Fannestock, Urbana, Ill.: My remarks are made, not as an author of 
the paper, but as a member of the Society and a person interested in physiological 
reactions in various environments and changes in environment. Mr. Leopold’s remarks 
seem to indicate that there have been no difficulties experienced by persons going from 
one environment to another, that he has not seen any or experienced any himself, 
and that the paper under discussion more or less confirms his observations. 

This paper is not to be regarded as an entire answer to all problems which may 
arise when various physiologically impaired persons pass from one environment to 
another. The results apply to certain types of patients exposed to certain environ- 
mental changes and under conditions of practically no activity. The writer suggests 
that Mr. Leopold emphasize the limitations of the experiment, stressing the signifi- 
cance of the types of subjects used, and the rather small number of subjects observed. 
The authors do not wish to give engineers the idea that their paper answers alli 
the problems which may arise when both healthy and impaired individuals of all age 
groups go from one environment to another. Professor Glickman, no doubt, appre- 
ciates the fact that some cardiac patients may get into trouble when suddenly exposed 
to a change in environment. He certainly intends readers to appreciate the fact that 
the results apply only to the four types of cardiac patients defined in Table 1, and 
that cardiac patients are only a very small group of the total physiologically impaired 
population. The writer suspects that exposure to different environments of the order 
mentioned by Mr. Leopold could have a large effect on aggrevating chronic respira- 
tory infections. 

The magnitude and complexity of a problem which includes a general population 
composed of human beings of both sexes, all age groups, various activities, and 
different types and degrees of impairment, should be emphasized. The work reported 
in this paper is a start in an important area of the general problem of environment 
and people, a problem of concern to both the medical and engineering professions. 

In the opinion of the writer, however, the interpretation and application of results 
of this character are largely the responsibility of medical people rather than of 
engineers. The work should be extended eventually to include radiation and pres- 
sure, in addition to dry bulb temperature and humidity, and the ranges of condi- 
tions should ve extended. There are many situations in industry and in the armed 
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services where extremes in environmental factors must be taken into considera- 
tion. Length of exposure and acclimatization may be important, as in the case of 
the armed services where large numbers of persons may be transported by air from 
one climate to another in a few hours. 

Experimental work of this type is costly and requires extensive physical and per- 
sonnel facilities. Since it involves entire populations in one way or another, however, 
it should be continued and extended. 


Mr. Leopotp: With reference to Mr. Fahnestock’s remarks, it should be noted that 
the range of temperatures, held in the experiments described in this paper, is greater 
than is encountered in normal work. My comments were directed to ordinary opera- 
tions. Everyone realizes that it is possible to produce climatic changes which will 
seriously impair a person’s functions. 


H. E. Zier, Detroit, Mich.: The discussion of this paper brings up two questions: 
(1) Are persons, who run relatively high blood sugars, more adversely affected by 
sudden environmental changes than those who have cardiac conditions? and (2) Is 
there any way of determining blood-sugar level without taking a sample of the blood 
and making an analysis of it? 


AvutHors’ Closure By (Pror. NATHANIEL GLICKMAN): I wish to thank the mem- 
bers for their stimulating discussions. Perhaps I can combine the answers to the 
statements made by all with the exception of the questions raised by Mr. Ziel. 

First of all, we did not have large changes in the temperature gradient through 
which the subjects and the patients passed. In other words, they went from com- 
fortable conditions, which you have in everyday life, to the hot conditions, which 
might be even a little bit hotter than the average warm, humid summer day. It was 
primarily under those conditions that we were trying to determine whether there 
were any differences between normal subjects and patients with an impaired cardio- 
vascular system. In Table 1 of the paper, we give the clinical diagnoses of these 
patients. Some have rheumatic heart disease, while some have valvular disease. 
Those are mentioned opposite each patient, so that there is a diagnosis of the heart 
condition in the paper. 

Now, we have done additional work. We did not feel quite satisfied that these 
observations gave a full answer to the problem. We felt there might be other differ- 
ences. There might be other changes that went on in the body that we would not 
detect with our observations. Therefore, we took individuals, some of them the 
same as in this presentation, and had them sit in a room at a lower temperature, 
about 70 F, for about an hour and one-half, which was comparable to sitting in an 
air-conditioned movie. They then went into the hot environment and walked while 
carrying weights. 

In other words, upon coming out of a movie and walking down the street carry- 
ing a bundle, what happens to the heart? We used the electrocardiograph to detect 
any changes in the electrical activity of the heart. Here, again, we found, as far as 
these patients were concerned, little which would indicate that there was any addi- 
tional strain on these individuals. We have not yet reported on this. 

Now, I would like to say that there are some individuals who are susceptible to 
these changes. They are individuals who would be classified as, let us say, normal, 
but who have a poor vaso motor tone. In other words, these individuals may be 
heat susceptible. They are a minority of the population. Nevertheless, they are 
present. A number of years ago we reported experimentally producing this socalled 
heat exhaustion, or fainting in a hot environment. The subjects were medical students 
and nuises. When the subjects were recumbent in bed, the blood pressures and heart 
rates were normal. In other words, the circulation was adequate while they were in 
that position. As soon as they had to stand in these hot conditions, a number of them 
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could not tolerate it and, within just a couple of minutes, became dizzy. They then 
either had to be helped to the bed, or, if they passed out too suddenly, had to be 
supported as quickly as possible to prevent them from falling to the floor. So there 
are a very small group of individuals who are heat susceotible. 

Mr. Avery mentioned the much greater gradients in teraperature, and I can agree 
with him that this should be investigated. We do not knew. I mean, we cannot pro- 
ject from our present studies to much greater temperature gradients, or what are 
the effects of radiation on those individuals. We have to go into the problem much 
farther, and that will take time and we will need additional facilities. 

Concerning Mr. Ziel’s question, whether the individuals with a high blood sugar 
might be affected more adversely than the cardiac patients, I doubt it, but I 
certainly do not know. I presume you are thinking of diabetics when you ask 
that question. We hope to do some studies with diabetics and we hope to do some 
studies with various types of disease conditions and see whether individuals with 
different diseases respond differently to these sudden clianges in temperature. After 
all, cardiacs are not the only disease states in our population. We have many other 
different diseases, and we have to see whether there are any ill effects on patients of 
that nature. 

As to the last question, whether there are any methods of determining blood sugar 
levels without taking samples of blood, I wish I knew. There are not. 
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OVERALL COEFFICIENTS FOR FLAT GLASS 
DETERMINED UNDER NATURAL 
WEATHER CONDITIONS 


By GeorcE V. PARMELEE*, AND WARREN W. AUBELE**, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio 


AY experimental investigation of heat flow through windows and glass block 
panels has been carried on for the past several years at the A.S.H.V.E. 
Research Laboratory under the direction of the Committee on Research and 
the Technical Advisory Committee on Heat Flow Through Glasst. Although 
the major part of this study has dealt with the transmittance of solar energy, a 
limited study has been made of overall coefficients of heat transfer for glass 
under natural weather conditions to assist in interpreting solar heat gain data. 

Although the tests made covered a narrow range of conditions, it is believed 
that the results are important enough to be reported and discussed at this time. 
Data are given for tests made on single sheets of glass and on two sheets spaced 
14 in. apart. Wind velocities ranged from 3 to 9 mph and in several tests the 
glass was sheltered from the wind. Experimental data on the convection con- 
ductances for the indoor surface of the glass are given. The convection and 
radiation components of the outdoor surface conductance have been computed. 
Comparisons are made with recent guarded hot box tests. 


APPARATUS 


The apparatus used in the determination of the overall coefficients was a 
calibrated calorimeter which is being used in studies of solar heat gain through 
glass areas. Since it has been previously described!, only brief mention of its 
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** Assistant Research Engineer, A.S.H.V.E. Research Laboratory. 


+ TAC on Heat Flow Through Glass: R. A. Miller, chairman; A. B. Algren, A. H. Baker, F. L. 
Bishop, Jr., J. E. Frazier, J. 8S. Herbert, E. H. Hobbie, L. K. Jones, C. O. Mackey, F. W. Preston, 
W. C. Randall, C. A. Richardson, Vic Sanders, H. B. Vincent, G. B. Watkins, F. C. Wood. 


Presented at the 55th Annual Meeting of THe American Society oF HeatiING AND VENTILATING 
Enatneers, Chicago, Ill., January 1949. 


1 Exponent numerals refer to Bibliography. 
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OveraLt COEFFICIENTS OF HEAT TRANSMISSION FoR A SINGLE SHEET OF DouBLe StreNGTH (% In.) GLass 


TABLE 1. 


TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


atk 
FIOM 
= € 
< 
° 
: 
=| 
| 
AH 
z 
EE 
ag 
2 
coon hh 3 
RISSS 
Sc 
Zz. a N 
SE 
CH 
> 
EEE EE 
aaa aa 
RSS EST 
od 
ROS NO 


a Code: T.O., Thin Overcast; 0.5C, 0.5 Cloudiness, ete.; T.H., Thick Haze. 


b Calorimeter rotated so that glass was in the lee of the wind. 


eIn a plane 18 in. from glass. 


ttincipal features will be 
made here. The calorimeter 
consists of a heavily-insu- 
lated blackened sheet-alumi- 
num half-cylindrical shell to 
which is brazed a grid of 
tubes. Heat is supplied (or 
removed) by circulating a 
mixture of water and ethylene 
glycol through these tubes. 
Their arrangement and spac- 
ing is such that the calori- 
meter surface temperature at 
any point is within 1 deg of 
the average. This shell is 
bolted to the rear face of a 
window frame capable of 
being tilted through 90 deg 
and of orientation to any 
point of the compass. 

A 2-ft wide border of ply- 
wood is fastened around the 
front face of the frame so 
that the test area occupies 
the central portion of an 8- 
ft square wall. The apparatus, 
in position for solar trans- 
mittance studies, has been 
shown  previously!. The 
calorimeter was sealed to 
prevent air infiltration and 
contained a desiccant to con- 
trol moisture migration. 

Sheets of glass 481% in. 
square were set into the front 
face of this frame and fast- 
ened to a wood strip or stop 
with screws. This _ stop 
allowed the glass to be set 
flush with the plywood panel, 
or to be recessed. The clear 
opening was 4414 in. square. 
The opening was double 
glazed by spacing the two 
sheets of glass with a con- 
tinuous quarter-inch strip 


of plywood. The air space 
so formed was also provided 
with a desiccant and tightly 
sealed. 
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RESULTS OBTAINED 


The results of the tests appear in Tables 1 and 2. They apply to smooth flat 
glass surfaces and not necessarily to actual windows. The overall coefficients 
of heat transmission (U values) have been based upon the difference between 
the temperatures of the calorimeter surface and the outdoor air and on the 
heat flow determined by computation of the radiation exchange and the convec- 
tion heat transfer from the calorimeter to the glass. This procedure is discussed 
later on in this report. 

As noted in the tables, some of the tests were run at night, so that it was 
possible to make a study of the effects of wind velocity by adjusting the orienta- 
tion of the apparatus to maintain the desired average angle of incidence. Suffi- 
cient time was allowed between successive adjustments for the glass to reach 
a new equilibrium condition within the limits imposed by variable weather 
conditions. 

To supplement the heat transfer data, temperature surveys of the glass surface 
were made with a 30 gage wire thermocouple probe. The junction and 14% in. 
of each lead wire were fastened to a strip of felt 3 by 114 in. in size and 
backed up by a pivotable wooden pressure shoe of the same size. Fig. 1 shows 
the results of two of these surveys. They indicate that wind velocity has a 
significant effect on local rates of heat flow. For parallel flow of air past a 
smooth heated surface, it is well known that the local convection coefficients 
decrease in the direction of flow. The combination of this effect with the natural 
circulation of air inside the calorimeter is believed to account for the tempera- 
ture distribution illustrated. Computations of local radiant and convection heat 
transfer based upon temperatures as shown indicate approximately a 10 Btu per 
(hr) (sq ft) difference in heat flow between the upper left and lower right 
corners of the glass for the temperature pattern shown in the left hand illustra- 
tion of Fig. 1. 


CoMPUTATION OF RESULTS 


The Overall Coefficients of Heat Transmission: The overall coefficient of heat 
transmission, U, as it is used for computing heat losses or gains through build- 
ings, is defined? as the time rate of heat flow in Btu per (hr) (sq ft) (Fahren- 
heit degree temperature difference between air on the inside and air on the 
outside of a wall, floor, roof or ceiling). The heat flow, qg, in Btu per (hr) (sq 
ft) then is: 

where 
t; = indoor air temperature, Fahrenheit degrees. 
to = outdoor air temperature, Fahrenheit degrees. 


The heat flow, g, may also be determined by the following equation: 


where 


qci = the heat transferred by convection, Btu per (hour) (square foot), to the 
indoor surface from the air in contact with it. 

gri = the net exchange by radiation, Btu per (hour) (square foot) between the 
indoor surface and the surrounding solid surfaces or gaseous bodies which 
may be capable of emitting and absorbing radiation. 
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Glass (Plan View) 


5 27.4 2.5 34. 
0.8 29.9 2.0 33. 
29.9 32.0 
9.9 27.6 1.6 32. 
29.9 24.2 30.9 32.0 


Temperature Distribution 


2:15 p.m. Time (E.S.T.) 4:15 p.m. 
72.7 Colorimeter Temp, Deg F 73.1 
i. Outside Air Temp, Deg F 12.2 
29.2 Meon Gloss Temp, Deg F 32.2 

5.5 Wind Velocity, mph 3.4 


Fic. 1. TEMPERATURE DISTRIBUTION FOR A SINGLE SHEET OF 
GLASS (JAN. 23, 1948) 


The overall coefficients may also be defined in terms of resistances. For a 
single sheet of glass, the resistance equation is 


1 1 L 1 


where 
U = overall coefficient of heat transmission, Btu per (hour) (square foot) 
(Fahrenheit degree). 
Rt = total resistance, (Fahrenheit degrees) (square foot) (hour) per Btu. 
h = the surface conductance for convection and radiation combined, Btu per 


(hour) (square foot) (Fahrenheit degree); subscripts ; and o refer to 
indoor and outdoor surfaces. 


L = glass thickness, feet. 


k = thermal conductivity of glass, Btu per (hour) (square foot) (Fahrenheit 
degree per foot). 


To determine U experimentally, g, t; and t, are carefully measured and then 
substituted in Equation 1. In hot box tests, heat is usually supplied electrically 
so that g is determined from the heat equivalent of the electrical input to the 
guarded area. In the calorimeter apparatus q was found from separate determi- 
nations of g,, and q,; in Equation 2. In applying Equation 1 to the experimental 
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determination of U values some practical difficulties arise. In an airtight 
enclosure, such as a guarded hot box or the calorimeter apparatus, the average 
temperature of the air is dependent upon the temperatures of the surrounding 
solid surfaces and their respective convection conductances. If there is no 
artificial air movement, natural convection currents ¢ause the air temperature 
to vary from point to point throughout the enclosure. 

In hot box tests, heat flow is maintained by heating the air in the guarded 
space and by cooling the air on the cold side. Considerable stratification 
results, thereby leading to difficulty in determining the average air temperature, 
unless it is measured at 2 large number of points. To avoid this, fans are 
usually provided to stir the air enough to avoid excessive stratification. It 
should be noted, however, that because radiant heat exchange between the test 
panel surfaces and the box surfaces takes place independently of the convection 
effects, the temperature of the box surfacest necessarily is below the ambient air 
temperature on the warm side and above it on the cold side by amounts depen- 
dent upon the air movement, the surface emissivities, and the surface areas 
involved. 

In the calorimeter apparatus, the air temperatures were measured 18 in. from 
the test panel, as noted in Tables 1 and 2, and also by two shielded couples 4 in. 
from the glass. At 18 in. air temperatures were 1.0 to 2.5 deg below and at 
4 in. 2.0 to 5.5 deg below the calorimeter surface temperature. Because of this 
variation with position and because the heat was supplied via the calorimeter 
surface, the overall coefficients listed in Tables 1 and 2 have been based upon 
the difference between the outdoor air temperature and the calorimeter surface 
temperature. 

Computation of Heat Flow: Considerable care has been taken to define the 
convection and radiation conditions which govern the heat exchange between 
the calorimeter surface and the indoor surface of a glass sheet as installed in 
the apparatus. This makes it possible to compare the results with other tests 
and to adapt them to practical everyday surroundings. And because these con- 
ditions are known for this apparatus, heat flow through the glass has been 
determined by simple computations from two test observations, namely, the 
average temperature of the calorimeter surface and the average temperature of 
the indoor surface of the glass. Heat balance computations afford an inde- 
pendent check. 

Heat flow through the glass has been determined in accordance with Equa- 
tion 2. Radiation was computed from the Stefan-Boltzmann law as follows: 


qr = net heat exchange by radiation, Btu per (hour) (square foot). 
the shape factor, glass with respect to calorimeter surface. 
Fe = the emissivity factor, glass with respect to calorimeter surface. 


Tc, Tg = the respective temperatures of the calorimeter surface and the indoor 
surface of the glass, degrees Rankine (Fahrenheit degrees + 460). 


where 


Because the indoor surface of the glass was completely enclosed, F, is unity. 
The emissivity of the calorimeter surface has been taken as 0.97, about one 


t The authors are unaware of data in the literature to prove this point. 
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percent lower than Hottel’s® value for a flat black coating of composition similar 
to that used in painting the calorimeter surface. The emissivity of glass is 
0.9374. With an area ratio of calorimeter-to-glass surface of 3.5 F, was found 
from the following equation to be 0.928. 


1 


) 
eg 


(6) 


where 
&¢ = emissivity of calorimeter surface. 
eg = emissivity of glass surface. 
Ac, Ag = areas of calorimeter and glass surfaces. 


The data for computing heat transferred by convection were obtained from 
tests in which a blank panel with heat meters was substituted for the sheet of 
glass. Radiation exchange was computed and the convection heat transfer 
found by deducting this quantity from the total metered heat flow. These tests 
were made for the dual purpose of obtaining convection data and the unac- 
counted-for losses from the calorimeter and were carried out as follows. In one 
case, a sheet of rigid insulation board was provided with surface thermocouples 
and with four sets of differential thermocouples to make a heat flow meter of 
the blank panel. Constants for these heat meter sections were determined by 
calibration in a hot plate tester. A second panel was constructed of two sheets 
of plywood between which four commercial heat meters were sandwiched. In 
one instance, this was placed over the glass to allow the glass to exchange 
heat with the calorimeter surface and thereby duplicate the radiation conditions 
of actual tests. The results of these tests are shown in Fig. 2. 

In order to extrapolate the convection data with more certainty, results of 
Griffith and Davis® for a 2 in. wide enclosed vertical air space have also been 
plotted on Fig. 2. This air space was about 4 ft square and therefore approxi- 
mated the conditions prevailing inside the calorimeter. It has been demonstrated 
that convection conductances are substantially invariable for air spaces of width 
in excess of 34 to 1 in. It should be noted that the calorimeter data as well as 
the data of Griffith and Davis are based upon the temperature difference between 
the two enclosing surfaces. 

The heat flow values as determined by computation from experimentally 
observed temperatures were checked by heat balances in which the following 
items entered: 


1. Heat supplied the calorimeter by the glycol-water mixture, 
. Metered heat leakage from the calorimeter (three sources), 
Unaccounted-for heat leakage (determined by calibration), 
Heat storage effects, and 

. Transmitted solar radiation (day tests only). 


wm wh 


Values listed in Tables 1 and 2 checked values determined by heat balance 
within 5 percent. A number of points were discarded because of unsatisfactory 
checks. The daytime tests were made on a single glass sheet with orientations 
that avoided the direct rays of the sun. This glass transmitted 90 percent of 
normally incident sunlight, 82 percent of diffuse solar energy and absorbed 
only 2 percent of diffuse sc'ar energy. The amount of diffuse solar energy 
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absorbed by this glass, therefore, was so small that its effect on glass tempera- 
ture, and, hence, on the computed heat flow, is considered negligible. Trans- 
mittance factors for item 5 were separately determined by calorimeter tests 
and other means. A sample set of data and calculations is included in 
Appendix A. 


DISCUSSION OF RESULTS 


The Significance of Surface Conductances: Windows differ from most struc- 
tural elements of buildings in that the principal component, glass, is used in a 
thin sheet which, in itself, offers only little resistance to heat flow. The chief 
factors which govern the heat flow are the indoor and outdoor surface con- 
ductances and the conductance of the air space or spaces of multiple glazed 
windows. Also supporting members, such as sash, mullions and muntins, influ- 
ence the heat flow through the glass by edge effects and disturbance of air 
currents, and, by virtue of their area and thermal resistance, may have an 
important effect on the total heat flow through the window opening. 

The effect of the surface conductances is illustrated by Equation 3 and data 
taken from Table 1. For the data listed in line 8, computations show that 1/h, 
equals 0.783 and that 1/h, equals about 0.252. The first value is based upon 
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surface-to-surface temperature difference, the latter on surface-to-air tempera- 


ture difference. The value of = is approximately 0.023. In this instance the 


indoor resistance accounts for about 74 percent of the total thermal resistance, 
the outdoor surface resistance for about 24 percent, while the thermal resistance 
of the glass accounts for only 2 percent. 

Air Space Conductance: The heat flow through the double glass installation 
has been checked by computing the heat flow by radiation and conduction across 
the 14 in. air space. These were based on temperature measurements of the 
two surfaces bounding the air space. For radiation the shape factor ‘s unity. 
The emissivity factor is 0.882. The conductivity of air at a mean temperszture of 
42 F was taken as 0.0142 Btu per (hr) (sq ft) (F deg per ft). The computed 
heat flow checked the total heat flow from calorimeter to glass within 5 percent. 
With published® values for combined radiation and convection across air spaces, 
the values checked within 3 percent. 

Heat Transfer at the Outdoor Surface: The results showed that the overall 
coefficients for a sheltered window are slightly lower than for a window exposed 
to the direct wind. The differences, however, cannot be considered significant 
because they are within the limits of experimental error. Computation from 
the data presented in Tables 1 and 2 will show that the average surface conduc- 
tances for the indoor surface were about 1.30 Btu per (hr) (sq ft) (F deg) for 
the single glass tests and 1.20 for the double glass tests. These low values mask 
to a considerable extent the changes in outdoor conditions. For example, a 
15 percent increase in the outdoor surface conductance decreases the total 
thermal resistance only 4 percent. These are approximately the same changes 
that occur in the outdoor surface conductances and overall coefficients for the 
two average values of tests on’ single glass made on January 20-21, 1948. 

It is of interest to examine heat transfer at the outdoor surface. Table 3 is 
an attempt to show the magnitude of the three items which comprise the total 
heat loss to the outdoor surroundings. The convection conductance was based 


TaB_e 3. SHOWING THE COMPONENTS OF THE HEAT TRANSFERRED FROM OUT- 
poor GLAss TO OuTDOOR SURROUNDINGS 


DaTE 11-25-47 1-20-48 1-23-48 


Temperatures, F deg 
Outdoor Surroundings (Ground & Roof)........... 


Atmospheric Conditions 


Convection Coefficient 
10. Computed (Outdoor), Btu per (hr) (sq ft) (F deg) 
Heat Flow, Btu per (hr) (sq ft) 
12. Loss by Convection to Outdoor Air................ 
13. Loss by Radiation to Ground Surroundings......... 
15. Unaccounted-for Losses from Glass to Balance...... 
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8 Estimated from heat flow. 
b Estimated from observed roof temperature. 
¢ Code: T.O., Thin Overcast; 0.5C, 0.5 Cloudiness; T.H., Thick Haze. 
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upon the results of a recent investigation’ of 


Toe heat transfer from a smooth surface. The 
surface length was conservatively taken as 
a = half the width of the glass sheet, but no 
allowance was made for turbulence. In all 
Za cases, the test house roof temperature was 

7 considered to be the temperature of the sur- 
i. ce roundings at ground level. The angle factors 
sis_™ 238 3 3 for radiant exchange between glass and 
23 Be ground and glass and roof are 0.32 and 0.18, 


respectively. It will be noted that there is a 
sizeable unaccounted-for loss. 

2 By 0 0 Nocturnal Radiation: Natural wind is 
gusty and turbulent on a large scale and little 
or nothing is known of the quantitative effects 
of these characteristics on heat transfer. But 


INCLINATION 
oF GLASS 
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a 
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é 
the computed coefficients for convection have 
co 
7 been based on low-turbulence wind tunnel 
3 tests of a smooth flat surface. Therefore, part 
é of the unaccounted-for heat loss from the out- 
door glass surfaces may be attributed to in- 
z x n| & creased convection due to turbulence. 
p- =3 Part of the unaccounted-for loss, however, 
* 3™ must be attributed to the net radiation ex- 
mig known as nocturnal radiation. This radiation 
A exchange results in a cooling effect because 
the incoming long wave low temperature 
radiation from the sky, in the absence of 
2ig| 6 “ * * | solar effects, is insufficient to balance the out- 
als oing radiation of a surface on the earth. In 
2 going 
Mie § 2 the daytime, this cooling effect usually escapes 
unnoticed because short wave solar radiation 
oa 5” effects more than counterbalance the radia- 
= tive deficiencies of the atmosphere. 
& 7" For example, during the night tests, the 
Bsa 3 se ¢ 4 | roof surface and the plywood wall tempera- 
oes $3 + 
=D tures were usually a degree or two below 
air temperature. These temperatures invari- 
ably dropped a bit when large clear patches 
ge of sky appeared in the overcast, indicating 
- 28 S that clearness of the sky is an important 
2 888 3 
Fat mR factor. More striking evidence of the sig- 
: 38 ¢ 4 nificance of nocturnal radiation is demon- 
aa 


strated by Table 4. This table gives data that 


| were obtained on a clear day (February 23, 
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1948) during the course of solar transmittance tests on a single sheet of high 
transmittance glass. The depression of the glass temperature below those of 
the outdoor air and the calorimeter surface is due to radiation loss to the sky. 
This loss is balanced by: 


1. Convection from the outdoor air, 

2. Radiation and convection from the calorimeter, 

3. Solar energy absorbed (about 2 percent) by glass, and 
4. Radiation from outdoor surroundings. 


This table also shows the estimated met low temperature radiation exchange 
with the atmosphere and is believed to be conservatively estimated. Computa- 
tions are shown in the Appendix B. ‘The late afternoon data show also the 
effects of radiation from outdoor surroundings which, due to solar effects, are 
at temperatures above that of the wutcoor air. For example, in the 3:15 to 3:45 
p.m. period there was negligible heat exchange between calorimeter and glass, 
yet the glass gained heat from the outdoor air, from the test house roof, from 
other surroundings (the temperatures of which have been estimated) and a 
small amount from absorbed solar energy. The calorimeter and glass tempera- 
tures shown in Table 4, of course, are not representative of usual room tem- 
peratures, because the tests were run to obtain solar transmittance data with 
minimum heat leakage corrections. 

Data on the magnitude of the net radiant energy exchange between ground 
and atmosphere are found mainly in meteorological papers. Elsasser® has 
reviewed many of these papers and gives an empirical formula proposed by 
Brunt for the magnitude of the incoming radiation from a clear sky to a 
horizontal surface. The radiation is expressed as the ratio of the incoming 
radiation, R,, to black body radiation, R,, corresponding to the air tempera- 
ture near the ground. 

Brunt’s equation, with a correction for water vapor, is 


Ra 


where 


a, b = constants determined from observed data. 
e = water vapor pressure of the air near the ground, inches of mercury. 


The constants as determined by Brunt from data of a number of observers are 
approximately a= 0.44 and b=0.47. Computations with these constants indi- 
cate that the net radiation loss from a horizontal surface to the atmosphere 
for the period 1:30 to 2:00 p.m., Table 4, should be approximately 35 Btu per 
(hr) (sq ft) for a clear day. 

The Influence of Radiation on the Overall Coefficient: In many common 
cases, the usual concept of the U value will not lead to serious error in com- 
puting heat losses, provided, of course, that the surface conductances and radi- 
ant heat exchanges can be correctly calculated. Frequently, however, it happens 
that solid surfaces or radiating gases emit radiation at temperatures that incon- 
veniently differ from that of the ambient air. The observations just cited in 
Table 4 are one example of this. In fact, the data indicate that the calorimeter 
surface and the outdoor air temperatures could readily be equal and yet the 
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calorimeter surface could, at the same time, lose heat to the glass, cooled by 
nocturnal radiation. Under such a circumstance, U becomes infinite. 

In panel heated rooms, solid surfaces seen by a window commonly differ 
from the air temperature. Fig. 3 shows how the U value, based upon air-to-air 
temperature difference, may vary as the temperature of a ceiling panel varies. 


Air Temp - 10 F 
1.30} Convection Conductance - 3.4 Btu per (hr) (sq ft) (deg 


Nocturnal Radiation - 10.0 Btu per (hr) (sq ft) 
| Indoor Conditions: 
. Room Air, Wall, Floor Temp - 70 
Shope Foctor - Gloss to Ceiling - 6. 30 mr 


1.25} 
ire 7 
A 
Le 
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2s 7 
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1.05} 4 
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A- Low Indoor Convection Effect 


Lt B - Moderate indoor Gonvection Effect 
70 60 90 100 110 120 130 


CEILING PANEL TEMPERATURE, DEG F 


Fic. 3. CALCULATED EFFECTS OF INDOOR RADIATION AND 
CONVECTION CONDITIONS ON AIR-TO-AIR OVERALL COEFFICIENT 
FOR SINGLE GLASS 


Two curves are shown. Curve A is based upon convection heat transfer assumed 
to vary with the temperature difference between window and indoor air, but 
otherwise in accordance with Fig. 2. Curve B is based upon the familiar 
equation® : 


where 


qc = heat transfer by convection from air to vertical surface, Btu per (hour) 
(square foot). 
At = temperature difference, Fahrenheit degrees, between air and surface. 
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Radiation heat exchange has been computed by Equation 4 on the assumption 
that the room is a black body. The authors offer the opinion that, as far as 
practical heated spaces are concerned, Curves A and B of Fig. 2 represent, 
respectively, low and moderate convection effects. A typical set of computations 
appears in Appendix C. All values and constants selected for these computa- 
tions are arbitrary and only by chance may represent conditions chosen for 
design purposes. The heat flow through the glass, of course, is equal to U 
times (70-10). 

Comparison With Other Data: Table 5 shows the results of recent!® guarded 
inot box tests which included an investigation of such variables as air space 
width, glass thickness, light size, and air velocity. Data for 30 x 30 in. lights 
have been selected for comparison because this size approaches the sheet size 


TasLeE 5. GuarpeEp Hot-Box DETERMINATIONS OF OVERALL COEFFICIENTS 
oF HEAT TRANSMISSION: Woop SAsH wiTH 30 x 30 IN. Licuts 


DovusB_e GLazEp—Y In. PLATE 
SINGLE GLAZED GLass 
GLass | 
\% In. Air | 14 In. Air 

Space Space 
Warm Side Air, F deg 69.7 | 68.0 70.8 69.7 69.0 70.8 
Cold Side Air, F deg s2 | iW 9.8 10.3 10.3 10.3 
Warm Side Surface, F deg 34.5 ; 26.0 49.0 44.1 51.2 49.9 
Cold Side Surface, F deg 29.9 | 21.1 26.0 17.2 22.5 14.7 
Air Velocity, mph | 2.5 | 14.4 2.5 14.8 2.8 14.3 
Heat Flow, Btu per (hr) (sq ft) 54.87 | 67.00 31.97 38.34 27.82 35.00 
U, Btu per (hr) (sq ft) F deg) 0.892 | 1.179 0.524 0.645 0.474 0.578 


used in the calorimeter and minimizes muntin effects. The results compare 
favorably with guarded hot box tests on the basis of overall coefficients. By 
interpolation, U for a single sheet and 5.7 mph is 0.988. For two sheets of 4 
in. plate at 14 in. air space and 8.1 mph U is 0.580. Corresponding values from 
the calorimeter tests of 0.95 and 0.59 are in close agreement. There was con- 
siderable difference, however, in both the radiation and convection heat transfer 
conditions. Nocturnal radiation, wind gustiness, and low indoor convection 
effects were absent from the hot box tests. On the other hand, thermal resis- 
tance and turbulence due to muntins were absent in the calorimeter tests. It 
might be pointed out that, after these hot box tests were completed, a honey- 
comb straightener was installed at the entrance to the channel through which 
air was passed on the cold side of the test panels. This reduced the low velocity 
values about 8 percent and the high velocity values about 2 percent. 

The results of these tests may now be compared with commonly used!! U 
values, namely 1.13 for single glass and 0.45 for double glass. The former 
value appears to be a reasonable value, if the radiation exchange on the out- 
door side approximates black body conditions. As pointed out earlier in this 
paper, it may be on the low side. On the other hand, if radiation exchange 
between glass and indoor surroundings is at a minimum, as in sun rooms or 
greenhouses, the value of 1.13 may well be too high. Unusual convection con- 


52 TRANSACTIONS AMERICAN SocIETY OF HEATING AND VENTILATING ENGINEERS 


ditions, such as those caused by unit ventilators under windows, also need tc 
be considered. 

The value of 0.45 for double glass is clearly too low for ordinary conditions 
and a 15 mph wind. The value for a 4 in. air space should be of the order of 
0.60 to 0.65. For % in. or wider air spaces, the coefficient is shown by hot 
box tests to be of the order of 0.55 to 0.60. 

The results of both hot box and calorimeter tests are also in good agreement 
with the iindings of a critical review!? of published and unpublished data on 
heat transmission through glass. Analysis of the results of a large number of 
tests on all types of windows showed that, for practical situations which rea- 
sonably approximate hot box test conditions, the presently used value for single 
glass is a reasonable one, but that commonly accepted U values for double and 
triple glazed openings were 20 to 30 percent too low. 


SUMMARY 


1. Tests for heat loss through single and two air-spaced sheets of flat glass show 
that radiation exchange between the glass on one hand and the ground surroundings 
and the atmosphere on the other plays a significant part in heat loss from outdoor 
surfaces. Because of the limited range of conditions under which these tests were 
made with regard to wind velocity and clearness of the atmosphere, further investi- 
gation is suggested. 

2. The uncertainty connected with computing the radiation exchange and the con- 
vection loss due to turbulent wind conditions at an outdoor surface indicates the 
need for improved instrumentation. It is apparent that an instrument is meded which 
is capable of determining the magnitude of the net low temperature radiant energy 
exchange between a surface at the earth and the atmosphere. This instrument should 
be adaptable for both nocturnal and daylight conditions. 

3. It has been demonstrated that the U value concept as used in estimating build- 
ing heat losses or gains does not satisfactorily take into account many common radia- 
tion exchange conditions. The significant effect of indoor c2‘titions on heat transfer 
to a window suggests the need for field studies of heat loss through such openings 
under different typical surroundings. 

4. Although the conditions which governed heat loss in the calorimeter tests do 
not necessarily duplicate the conditions to be found in practical situations, the results 
indicate that for many cases the currently used U value of 1.13 for single glass 
is a good approximation but that the value of 0.45 for double glazed windows is 
from 25 to 45 percent too low for design wind velocities. This statement does not 
take into account the influence of sash members. 
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APPENDIX A 
DETERMINATION OF OVERALL COEFFICIENT U FROM EXPERIMENTAL DATA 
Average Data for January 20, 1948; 7:15 to 8:00 p.m.: 


1. Temperatures, Fahrenheit: 


d. Calorimeter air temperature at 18 in. (4 points). ...................00. 72.1 
e. Calorimeter air temperature at 4 in. (2 points)..................00000- 70.8 


2. Heat Flow Through Glass by Computation: 
a. Heat flow to glass by convection at temperature difference of 73.8 —46.2 = 27.6. 


From Fig. 3, gc = 10.5 Btu per (hr) (sq ft). 
b. Heat flow to glass by radiation, from Equations 4 and 5: 


73.8 +460\* (46.2 + 460\* 
gr = 0.928 X 1.0 X 0.173 I( a) (5%) ] 


= 24.6 Btu per (hr) (sq ft). 
c. Total heat flow: 10.5 + 24.6 = 35.1 Btu per (hr) (sq ft). 
d. U = 35.1 (73.8 — 36.2) = 0.93 Btu per (hr) (sq ft) (F deg). 


E 
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3. Heat Flow Through Glass by Heat Balance on Calorimeter: 


a. Heat supplied by glycol-water mixture: 
Specific heat at 75.2 F and 51 percent glycol: 0.795 Btu per (Ib) (F deg) 
Flow rate at 14.58 in. Hg (by calibration): 538 lb per hr 
Temperature drop: (thermopile millivolt output + 24 pairs) X 
(degrees per millivolt at 75.2 F deg) = (1.0388 X 45.4)/24 = 1.96 F deg 
Heat supplied per sq ft of glass = (538 x 0.795 X 1.96)/13.72 = 61.1 


b. Corrections for heat leakage: 


Heat flow through insulation for 4.69 millivolt drop across 2 in. thickness as 
indicated by 17 series-connected differential couples: 


q= (Are x x At ) 


= ( 47.4 X oe x “ x 156 ) /13.72 = 6.1 Btu per (hr) (sq ft) 


Heat leakage via aluminum flange for 0.238 millivolt drop across 3-in. path 
length as indicated by 4 series-connected differential couples: 


on (are x 4 x a) /13.72 


117 0.238 
0.25 


0.181 X —— X - X 51.1 ) naz = 18.8 Btu per (hr) (sq ft) 


Heat leakage via corner block on which glass is set as indicated by 0.522 millivolt 
drop across strip type heat meters: 
q = (millivolt drop) X meter constant 
= 0.522 X 4.94 = 2.6 Btu per (hr) (sq ft) 
Heat storage in calorimeter shell: 
q = (heat capacity X temperature rise per hr) per 13.72 
= (11.6 x 0.0 X 60/45)/13.72 = 0.0 Btu per (hr) (sq ft) 
Unaccounted for loss (by calibration): 
For temperature difference between calorimeter surface and calorimeter casing 
of 35.7 F deg: 0.3 Btu per (hr) (sq ft) 
c. Heat balance: 


Heat supplied — heat leakage = heat flow through glass 
61.1 — 27.8 = 33.3 Btu per (hr) (sq ft) 
which checks 35.1 determined by direct computation within 5 percent. 


APPENDIX B 


EstiMATION OF Net Rap:aAnt ENERGY EXCHANGE BETWEEN GLASS 
AND ATMOSPHERE 


Average data for February 23, 1948; 1:30—2:00 p.m. 


1. Temperatures, Fahrenheit: 


Glass surfaces (assumed no drop through glass)..................00000 39.4 
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2. Miscellaneous: 


Wind velocity 6.8 mph from east 
Sky Cloudless with slight haze 
Position of glass 6 deg off horizontal 
Total solar intensity 160 Btu per (hr) (sq ft) 
Incident angle of sun 60 degrees 

Computations 


Heat gain by convection from air: 
With parallel flow of air, it is assumed that the convection coefficient for 
standard air, a surface length of 6.17 feet (width of glass plus entrance length) 
and Y/L of 0.60 (see Reference 7, Equation 6, p. 27 and Fig. 13, p. 29) is 1.88 
Btu per (hr) (sq ft) (F deg) for the 6.8 mph wind. A 3 percent correction for 
density makes this 1.94. 
Therefore 
q = 1.94 (46.0 — 39.4) = 12.8 Btu per (hr) (sq ft) 


. Heat gain by convection from calorimeter. negligible 
. Heat gain by radiation from calorimeter, Btu per (hr) (sq ft) from 

. Absorbed solar energy, Btu per (hr) (sq ft) 

. Radiation exchange with ground surroundings....................65- negligible 


. Heat lost by glass in radiant energy exchange with sky, Btu per (hr) (sq ft) 


Comparison with Brunt’s Empirical Formula 


1. 


Incoming long-wave length radiation from atmosphere, Btu per (hr) (sq ft) 


4 


. Outgoing radiation from glass, Btu per (hr) (sq ft) 
460 + 39.4\' 
. Net radiation loss, Btu per (hr) (sq ft) 


APPENDIX C 


PROCEDURE IN COMPUTING THE INFLUENCE OF CEILING RADIANT 
PANEL TEMPERATURE ON THE OVERALL COEFFICIENT 


. Conditions listed on Fig. 4 have been arbitrarily selected. The shape factor, 


glass-to-ceiling of 0.30 represents a 10 x 6 ft high window in the center of one wall 
of a 20 x 20 x 10 ft room. The shape factor of the glass to the rest of the room is 
therefore 0.70. 


. Equations were set up, one for the heat flow to the glass from the indoor surround- 


ings, the second for the heat flow from the glass to the outdoor surroundings. In 
each equation heat flow was a function of glass temperature. Therefore, a plot of 
these two equations for a given ceiling panel temperature and a selected expression 
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for convection heat transfer, indoor air-to-glass, resulted in an intersection which 
gave at once the unknown glass temperature and the heat flow quantity. 


3. The radiation exchange between glass and outdoor ground surroundings was 
lumped with the convection coefficient. 


4. The value of U was in all cases determined by dividing heat flow by the air-to-air 
temperature difference, 60 deg. 


DISCUSSION 


C. S. Leopotp, Philadelphia, Pa. (Written): This paper again underscores the 
importance of a separate analysis for radiation and convection. The serious error 
in utilizing the combined coefficient was treated at some length in my two papers on 
mechanism of heat transfer and panel cooling, presented to the 4.S.R.F. In these 
papers, it was shown that, in picking up a portion of the energy from a high- 
temperature source, such as a luminaire, by means of a cooled surface, the combined 
radiation and convection coefficient as frequently, though erroneously, used could 
be made to vary from a low value of approximately 1.5 to a high value of infinity, 
or even be made negative. 

The assumption that, with small temperature differences, the error in the com- 
bined coefficient is likewise small is not in accordance with fact and the deviation is 
of engineering significance as has been indicated in this paper by such basic considera- 
tions as the performance of ordinary windows. 

When an attempt is made to understand the actual performance of heating or 
cooling systems, the error in using the combined surface-conductance concept sub- 
stantially precludes an understanding of the problem. Radiation, of course, may 
occur between a gas and a solid or solid to solid. Where the latter is the major 
consideration—as, for example, the radiation between the inside structure and the 
glass of a window—radiation from the structure to the window presupposes a change 
in the temperature of the structure surface unless some means is provided to restore 
the energy loss from the structure to the glass by radiation. If there is a change in 
the surface temperature of structure, there will be a resulting temperature change 
in the depth of the structure; and heat-storage phenomena thereby become impor- 
tant because a minor change in temperature of a structure can cause a significant 
change in the heat balance. It thereby becomes important to know not only the 
overall heat transfer through a window, but also its distribution. For example, if 
we hold inside and outside air temperatures constant, the heat loss from a room 
heated by warm air would appear to be less than if the heating were accomplished 
by standing radiation. In the case of air heating, the structure temperature would 
drop with time, thus decreasing radiation to the window; whereas, with standing 
radiation, the drop in temperature of the structure would, in part, be counteracted 
by radiation from the radiator. 


H. E. Ropinson,13 Washington, D. C. (WritTEN): Neither the text nor the tables 
of the report state that the glass under investigation is placed in a vertical plane. 

The use of a U-value based on the inside surface (calorimeter) temperature is 
objectionable in a report issued by the A.S.H.V.E. A U-value, by definition accepted 
by the Society, indicates a heat transfer coefficient based on the temperature difference 
from air to air. Further, such a ‘U-value’ is not necessary, since air temperatures at 
18 in. from the glass are available and those published in Tables 1 and 2 appear to be 
consistent with the heat flow rates; i.c., the air is 0.048 deg cooler than the 
calorimeter surface for each Btu per (hr) (sq ft) of heat flow rate. 


13 Mechanical Engineer, U. S. Department of Commerce, National Bureau of Standards, Wash- 
ington 25, D. C. 
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Although in tests described in Reference 1 thermocouples were cemented in grooves 
in the inner face of the glass, this paper mentions only the use of thermocouple probe 
on page 3. Since there is some doubt in the writer’s mind as to the reliability of 
measurements with such a probe, he would like to know the degree of agreement 
between measurements by the two methods. 

1 would like to know how well the shielded thermocouples used for measuring the 
air temperature inside the calorimeter 18 in. from the glass agrees with fine wire 
unshielded thermocouples in the same position, particularly when the calorimeter was 
receiving solar radiation. 

The use of the term nocturnal radiation is unfortunate, since it suggests a phenome- 
non occurring only at night, although the attempt to measure it, summarized in Table 
4, is based on data taken during the day. We would suggest the use of a more gen- 
eral term, such as sky radiation. In this connection, it may be rema:z‘ed that, dur- 
ing clear weather, loss of heat by radiation to the sky may tend to sr.b-cool a surface 
below the surrounding air temperature, but that, during the day, diffuse or indirect 
solar radiation from the sky may offset or reverse this effect. It is noted that in 
Appendix A, no entry is made to account for sky radiation, and that, nevertheless, 
the heat balance checks within 5 percent with the directly computed heat loss, which 
indicates little or no net sky radiation effect. 


The magnitude of the sub-cooling of the glass surface below the outdoor air tem- 
perature reported in the 2nd and 3rd lines of Table 4 seems surprisingly great, and 
gives rise to the question as to how and where the outdoor air temperature was 
measured and whether the measurement reported did not include some radiation 
effect. In connection with Appendix B where these data are computed, it is noted 
that the radiation from the calorimeter to the glass is 4.2 Btu per (hr) (sq ft) but 
that convection from the calorimeter to the glass is stated to be negligible. I would 
expect radiation and convection from the calorimeter to the glass to be of approxi- 
mately the same magnitude, particularly since the direction of heat flow is upward. 


In the text and in Fig. 4, the authors refer to low indoor and moderate indoor 
convection effects. I do not understand under what circumstances such different 
effects might be obtained. The convection from the indoor air to the indoor surface 
of the glass will vary in accordance with a function such as that quoted from Griffith 
& Davis (Reference 5). The magnitudes of the coefficient and exponent cited may or 
may not be correct, but presumably there are some approximately constant values 
which will pertain for the range of conditions considered. It may be necessary to 
determine these values by further research, but it is felt that a wrong implication is 
given when the authors present curves which suggest that there may be two or more 
levels of convection effect for the same conditions. Possibly the authors mean that 
the two curves bracket the correct curve, but, if this is so, the authors should not 
use the data of Fig. 3 for establishing the lower curve. Fig. 3 involves the tempera- 
ture difference between the calorimeter surface and the glass and the convection 
effect considered is necessarily between indoor air and glass, so that the coefficients 
of Fig. 3 are necessarily materially lower than they should be. I would not favor 
the inclusion in the report of Fig. 4 as it stands at present. 


I agree with item 4 of the summary of the paper to the effect that a U-value of 
0.45 for double-glazed windows is too low, and also with the substance of item 3 
of the summary. I feel, however, that the paper would be improved if the exposition 
of the problem of the exchange of heat to and from window glass and surroundings 
by radiation in parallel with that by convection were made.in a more clear-cut 
manner. For example, I would like to see a paper in which the heat transfer coeffi- 
cient for convection from (still) indoor air to the glass was definitely established 
over the range of conditions probable in application; also similar data for the coeffi- 
cient for convection from the outdoor surface of the glass to the atmosphere under 
varying conditions of wind intensity and direction. The method of computing the 
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radiation transfer from various indcor surfaces to the glass should be more fully pre- 
sented than it is in this paper. Radiation from the glass to the surroundings and to 
the sky should be given more precise definition and evaluation. It is agreed that more 
satisfactory data on the sky radiation is required before a comp‘ete paper on the 
subject can be written. To bring the entire paper into focus, a complete example 
representing a typical case should then be worked out making use of the separate 
and individual coefficients outlined. 


C. M. Asutey, Syracuse, N. Y.: In conversation and in correspondence with the 
author, the interesting point was developed that the double glass figures which we 
have been using all along were based upon a misconception as to the correct method 
of calculating the heat transfer. I would strongly urge that we take the necessary 
steps to correct the values for double glass promptly. It is obvious that they are 
not correct, both from the theoretical examination and from the practical results of 
this paper, which are most significant. 

I would also like to emphasize what Mr. Leopold has said. It is quite improper to 
assume the same inside wall temperature as glass temperature. The effect of this 
upon the heat transmission through the glass may be quite considerable. If one 
assumed that all of the surface of the room were made of glass, one would have 
only the convected portion of the transmission. It would, I believe, be something 
less than half of the present calculated amounts. Actually, of course, that portion 
of the heat which comes in by radiation has to go first to other surfaces and then, 
by convection, from the other surfaces to the air. In that process, it is inevitable 
that there will be a lower temperature difference between the other surfaces and the 
air than between the glass surfaces and the air. Because of this, the single glass fac- 
tor, as it is actually used, is undoubtedly too high and I believe we should put forth 
considerable further effort on that part of the problem and try to systematize our 
understanding with relation to specific room structures. 


Cyrit Tasker, Cleveland, Ohio: This study is part of a long-range program being 
conducted at the Laboratory. Professor Tuve recently announced that Research 
Bulletin No. 1,14 covering a study on heat transmission through glass that was made 
by Mr. Parmelee as a first step in this long-range program, was available to all mem- 
bers of the Society. 

We have been encouraged by the number of letters received from members request- 
ing this bulletin. One of the chief functions that the Research Laboratory or the 
Committee on Research can perform for the membership is to review the literature 
on a particular subject or in any particular field of interest, analyze it critically and 
prepare a summation of what has been done before, and what is still unknown, or 
remains in doubt. Bulletin No. 1 does that exactly. 

It is an excellent piece of work by Mr. Parmelee and worth having. Council has 
authorized the furnishing of one free copy to each member, upon application. You 
may obtain yours by writing to Society Headquarters, 51 Madison Ave., New York 
10, New York. 


R. A. Mitter, Pittsburgh, Pa.: Mr. Ashley presented the thought that we need 
more data on values of wall radiation, loss through window and from walls, the loss 
by conductance and convection from the air, etc. 

The Technical Advisory Committee on Glass will be most grateful for any sug- 
gestions regarding how to determine some of those things which members want to 
know. The development of this calorimeter is quite an achievement. We realize 
that there are many things that it cannot do. We should like to know how to 
modify them so we can achieve more. 


14 A.S.H.V.E. Researcn Buutetin No. 1, Vol. 53—Heat Transmission Through Glass, by George V. 
Parmelee (published by THe American Society of HeatiNG AND VENTILATING ENGINEERS, 51 Madison 
Ave., New York 10, N. Y. Price $2.00 per copy). 
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The whole foundation of the work of the Technical Advisory Committee on Glass 
is in Bulletin No. 1, referred to by Mr. Tasker. It was felt that we could not pro- 
ceed actively and properly to continue to develop research on heat transmission 
through glass without having a pretty complete knowledge of what had been done 
previously and without getting some kind of a correlation of these data before 
attempting to improve upon it. 

The value to the Committee and to the persons particularly interested in heat gain 
and loss to buildings, we feel, has been very much more than the possible cost of 
such research. We hope that you will all help in carrying on the research in such a 
fashion that members will derive the benefits which should result from such an 
investigation. 


AutHors’ CLoscure: I am glad that Mr. Leopold emphasized the weakness of the 
overall coefficient concept as a means of calculating heat flow. It is a convenient 
method, but, in many cases, an inaccurate one, since the mechanisms of heat trans- 
fer by convection and by radiation are quite unrelated. This concept also fails when 
a structure is not in thermal equilibrium. We have already had to abandon the 
overall coefficient in computing the heat flow through sunlit walls and roofs. As 
shown in the paper, the exchange of radiant energy and the flow of heat by convec- 
tion may often be in opposite directions. The temperature difference between a 
heat-transfer surface, such as a window, and the ambient air cannot alone indicate 
whether or not such a condition exists. Mr. Robinson’s excellent comments on the 
paper are appreciated. With regard to the position of the glass, the data are for 
tests made with the glass vertical. In a few cases, not reported, tests were made with 
the glass horizontal, or inclined at an angle. 

With regard to basing the U value on the inside surface (calorimeter) tempera- 
ture, we can only say that it was impossible to select an indoor air temperature, as 
this temperature was dependent upon the distance from the glass. We found that 
shielded couples four inches from the glass gave temperatures from one to three 
degrees lower than air temperature couples 18 in. from the glass. Hence, the U values 
would have varied, depending upon which air temperature measurement was used. 
Also, in an enclosed air space, the convection heat transfer is generally considered 
to be dependent upon the temperatures of the boundary surface The surface tem- 
perature, therefore, was considered to be a logical reference pe’ computing the 
U value. The conventional use of a U value, when radiative compuuents are present, 
is, at best, an approximation, since air-to-air temperature difference is no indication 
of the radiant heat exchanges that take place. A practical solution is to give heat 
flow rates for specific indoor and outdoor conditions. 

The thermocouple probe temperatures were roughly a degree higher than the corre- 
sponding glass temperatures indicated by embedded thermocouples. Therefore, they 
indicate relative temperatures. Evidently, the felt backing pad insulated the glass 
area to some degree, although the contact time was short. 

We did not use any fine wire unshielded couples at the 18 in. location to measure 
air temperature. Two such couples were used four inches from the glass, but were 
shielded by two concentric aluminum foil shields. Studies made at the Laboratory 
several years ago showed that these shields were unsatisfactory in the presence of 
radiant beams of considerable flux density, such as from the sun or glowing objects. 

We agree with Mr. Robinson that the term nocturnal radiation is a poor one to 
describe this phenomenon which occurs day and night. The term sky radiation is 
too general, however, since it does not distinguish between long-wave length and the 
short-wave length scattered solar radiation. Neither opaque nor transparent sub- 
stances react the same to these two radiations. The heat balance checks in Appendix 
A involved only the heat supplied the calorimeter, and, therefore, no entry was 
necessary to account for either radiation exchange or convection at the outdoor sur- 
face of the glass. 
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The outdoor dry bulb temperature was measured by a shielded and aspirated couple 
and is believed to be correct. It checked closely with sling psychometer readings 
which were taken at regular intervals. The depression of the glass temperature below 
the air temperature as noted in Table 4 has been observed frequently, particularly 
with the glasses which absorb little solar radiation. In Appendix B, we should, 
perhaps, have included the quantity of heat convected from the calorimeter to the 
glass. Fig. 2 will show, however, that this quantity was much less than one Btu per 
(hr) (sq ft) and, therefore, we consider it as insignificant. 

Fig. 4 was presented primarily to indicate the fallacy of basing U values on air-to- 
air temperature difference when radiative effects are present. It also seemed like a 
good idea to show how significant the indoor conductance for convection could be. 
Neither curve is intended for design purposes. It is the authors’ opinion that our 
data on natural convection heat transfer is far from complete for flat surfaces of 
some size. No two sets of data cited in the literature are in agreement with each 
other, so it is evident that much laboratory and field work needs to be done on 
this subject. 

A curve identical to Fig. 3, but a function of air-to-suriace temperature difference 
rather than surface-to-surface difference, was used in computing one of the curves 
of Fig. 4 because it was believed that such a convection function for a wall surface 
in a room could conceivably exist. It is believed that so-called face convection heat 
transfer in rooms may be represented by many different curves, depending upon air 
movement in the enclosure and ventilation rates. 

We are in agreement with Mr. Robinson on the point of definitely establishing 
convection data for both indoors and outdoors and data for the sky radiation. We 
find that this information is necessary in the problem of evaluating heat gain through 
sunlit glass. This is the reason for making an investigation to establish the curve 
shown in Fig. 3. Also, we have recently designed and constructed a convection- 
compensated radiometer to evaluate the sky or nocturnal radiation exchange, and, by 
difference, to arrive at convection data for outdoor surfaces. We hope to pin down 
some of these factors close enough for practical use. 

In reply to Mr. Ashley’s comments on the data for THe Guipe, we are looking 
forward to improving our information for heat loss through glass. I think you 
will recognize from the points that were made in the paper that there will not be 
just one value for single glass and one value for double glass. There is more to 
it than that. In connection with the absence of radiant-energy exchange in an all- 
glass enclosure, as Mr. Ashley pointed out, hot-box tests have shown that the overall 
coefficient is materially reduced with a reduction in radiation effects. A number of 
years ago, tests were made with the hot-box lined with aluminum foil, which is, as 
you know, highly reflective and has an extremely low emissivity. The overall coeffi- 
cients resulting from these tests were materially lower than tests made with some- 
what similar apparatus, but with so-called black surfaces. You will find the informa- 
tion on these particular hot-box tests in the bulletin mentioned by Mr. Tasker and 
Mr. Miller. 

By Mr. Ashley’s concluding statement that we try to systematize one’s under- 
standing with relation to specific room structures, | take to mean that we should 
investigate the heat-transfer conditions in actual rooms. This would involve determi- 
nation of room-surface temperatures and the resulting radiant-energy exchange. It 
would also include a study of convection heat-transfer conditions under actual field 
conditions. | am much in favor of making investigations of this type. Mr. Miller 
has pointed out that, in our calorimeter apparatus, these matters are well established, 
but that the apparatus does not tell us everything we must know. 
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THE INTERNAL PERFORMANCE OF AN INDUCED 
DRAFT, PACKED COOLING TOWER 
This paper is the result of research sponsored by THE AMERI- 


CAN SOCIETY OF HEATING AND VENTILATING ENGINEERS in co- 
operation with the University of California. 


By N. W. Snyper*, BERKELEY, CALIF. 


gar. of the complexity of the mechanism of evaporative cooling in packed 
cooling towers, only overall characteristics have been obtained by the dif- 
ferent experimenters 1°, The forced draft towers previously employed at the 
University of California were small and were placed indoors to insure steady 
ambient conditions. A larger tower was therefore constructed to facilitate more 
extensive and detailed study and attempts were made to equip the tower with 
instruments for obtaining information on the internal mechanism of cooling. The 
objective of the tests was to obtain the following items: 


1. A determination of point enthalpy transfer coefficient per unit volume of tower 
(hia)x, as a function of heights in the packed section for various water rates and a 
constant air rate. 

2. A comparison of the overall enthalpy transfer coefficient per unit volume of tower 
with its components due to the cooling of water drops, packing water films and wall 
water films. 

3. A comparison of the overall enthalpy transfer coefficient per unit volume of tower 
(including cooling in the spray section and packed section), (hia)7, and its components 
due to spray only, (/ia)s, and packed section only, (hia) >. 

4. A determination of the variation of the temperature of the water in the packed 
section as a function of the tower cross section and height for different water rates 
and a constant air rate. 

5. A determination of the variation in mixed mean temperature of the water in 
the packing, on the walls and of the total water at different tower heights for various 
water rates and a constant air rate. 


* Assistant Professor of Mechanical Engineering, University of California. 

1 Exponent numerals refer to References. 

Presented at the 55th Annual Meeting of THe American Socrety or He*ttnG aNoD VENTILATING EN- 
Gineers, Chicago, Ill., January 1949. 


61 


62 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


6. A determination of the distribution of water in the packed section in terms of 
the percentage of water film on the packing surfaces, water drops between packing 
slats and water film on the tower wall surface. 

7. A determination of the pressure drop through the packed section for different 
water rates and a constant air rate. 


Three groups of tests were run at approximately the same air rate. Some of 
the items in the foregoing objectives were not fulfilled because of insufficient 
data and are only briefly mentioned. 


Fic. 1 ExpeRIMENTAL CooLinGc TOWER 


DESCRIPTION OF APPARATUS AND TESTS 


Tower: The cooling tower was a mechanically induced draft, counterflow, 
packed or spray type tower. Fig. 1 shows the general arrangement of equip- 
ment for the tests and Fig. 2 shows a schematic diagram of the experimental 
arrangement. 

Briefly, the cooling tower consisted of a vertical rectangular redwood tower 
57 x 61 in. with double walled 1 in. x 6 in. wood siding which was removable 
on two opposite sides in 3-ft sections. ‘“he packed section was 152 in. high, with 
33 decks of redwood packing, each of which consisted of 27 or 28 horizontal 
slats 4%4 in. (base) x 4% in. (height) x 57 in. (length). The slats were stag- 
gered in alternate decks and the decks were mounted on 4 dowel pegs for ease of 
replacement. Below the packed section, air was admitted by means of four sets 
of louvers 2 ft high, one set on each side of the tower with each set shaped to 
direct the incoming air to the packed section without permitting loss of falling 
water from the system. Water circulation during a run was maintained in a 
closed system. A catch basin was placed at the bottom of the tower and con- 
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nected to a sump tank which held approximately 1320 gal. The sump tank area 
was small at the normal water level in order to exaggerate the changes in ob- 
served water level due to losses from the system by evaporation or entrainment. 
A suction line connected to the bottom of the tank led the cooled-water to a 
circulating pump at ground level at one side of the tower. A metering orifice 
was placed between the pump and the shell-and-tube heat exchanger, which was 
heated by steam. From the exchanger, the water was distributed to nine 1% 
in. spray nozzles located 15 in. above the packing. 
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Fic. 2. SCHEMATIC DIAGRAM OF THE EXPERIMENTAL COOLING TOWER 
AND INSTRUMENTATION 


Water which was evaporated or entrained into the outgoing air was auto- 
matically replaced from a weighing tank, the flow of make-up water being con- 
trolled by a float valve to maintain a constant water level in the sump tank (see 
Fig. 2). 

During the first two tests, air flow was established by means of a propeller 
fan located in the fan nozzle at the top of the tower and driven by a variable 
speed d-c motor. In the third test a duct was attached to the fan nozzle and 
connected to a high speed centrifugal fan. As shown by Fig. 2, air flow could 
be established by either the propeller fan or the centrifugal fan. The propeller 
fan was to be used for low air rates and the centrifugal for high air rates. It 
was found that the high speed centrifugal fan was unsatisfactory at low air 
rates due to pulsating flow when near the shut-off point. In future tests it will 
be only used for high air rates. 
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Measurements and Measuring Instruments: For the first two test groups, air 
rates were obtained by making a heat balance between the gain in enthalpy of 
the air and the loss in enthalpy of the known rate of water. An air rate for the 
third test group was obtained by drawing the air by means of a fan from the 
top of the tower through a 3-ft square wooden duct and a calibrated metering 
nozzle in which its velczity was determined. A calibrated orifice downstream 
from the centrifugal pump was used to meter the water. 

Evaporation and entrainment rates were determined from the weighed make- 
up water plus the loss indicated by a change in the water level in the sump tank. 
An electric point gage was used to measure the water level. 

Inlet water temperatures were obtained by means of four thermocouples con- 
nected in:series and located in the spray nozzle manifold. A thermocouple was 
located in the sump tank in order to obtain exit water temperatures. Seven 
movable thermocouples were located from the bottom to the top packing deck 
in order that a traverse of water temperature with height and cross section 
could be obtained. It was realized that the temperature distribution of the water 
over the cross section might vary in different directions, but the best that could 
be done at the time was to obtain a traverse along only one center line. Ther- 
mocouple emf’s were obtained by means of a potentiometer readable to 0.005 
mv. The potentiometer was mounted on a metering table placed upon a concrete 
slab away from the cooling tower in order to eliminate vibrations. 

The pressure drop in the tower was measured with an electric point gage 
micromanometer readable to 0.0002 in. of water. This instrument was also 
placed on the metering table. The pressure taps were located at either end of 
the packed section and in the center of the packing deck. The tap consisted of 
two concentric cylinders with the annulus closed on the ends. Holes were drilled 
on the inner cylinder and a pressure tap was led from the outer cylinder wall 
to a water trap and then to the manometer. Another line was led from the 
bottom of the outer cylinder wall to the water trap in order to drain water 
caught in the pressure tap annulus. 

Inlet air wet bulb and dry bulb temperatures were determined by four ther- 
mocouple psychrometers, one located at the center of each intake louver. Read- 
ings were taken separately and averaged at a later time. An air sampler was 
used to determine outlet air wet bulb and dry bulb temperatures just beyond 
the sprays. A thermocouple psychrometer located downstream from the pro- 
peller fan was used as a check. 

The air sampler was constructed from two tinned cans, one within the other. 
Air from the tower was led into the outer can over a baffle, acting as an en- 
trained-water scrubber, then into the inner can over the wet and dry thermo- 
couples. Air from the inner can was evacuated by means of an air ejector. The 
outer can was thoroughly insulated. This method yielded a measurement at 
only one point in the cross section. It is realized that the non-uniformity of 
the temperature of water would cause some non-uniformity of the exit air con- 
ditions. The exit air conditions, as measured, were not considered to be as 
accurate as desired. 

The distribution of the total water in the tower between the falling water 
drops, the film on the packing and the film on the tower walls was determined 
by means of a packing water catcher and a wall water catcher. The packing 
water catcher was shaped into a long rectangular trough with a false bottom. 
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The lower chamber was divided longitudinally into two enclosures. The upper 
chamber was open at the top but was partitioned crosswise by means of bulk- 
heads. These bulkheads were spaced in such a manner as to catch packing 
water in one space and water drops in the other when placed just beneath a 
packing deck. By punching holes in the false bottom partition in such a way 
as to lead only water drops between the packing slats into one of the lower 
longitudinal chambers and slat film water into the other, it was possible to 
collect each of these separately and cenduct the water to the outside of the tower 
by means of two rubber hoses connected to each of the lower chambers. The 


TABLE 2. WatTeER DISTRIBUTION 


Drops 
Ser To Air 
Now | ‘ssa On % of On % of || Between © of + &% of Ratio 
RER Wall Total Slats Total Slats Total Films Total L/G 
Lb/br Lb/hr | | Lb/or Lb/hr 
% Ww % Ws Wa Wa | WetWa 


I | 1 | 31,500] 389 | 27,000} 243 | 33,600 | 368 | 60,600] 61.1 1.22 
2 | 27,300] 389 | 17,100| 244 | 25,800! 36.7 | 42,900! 61.1 0.92 


Il | 1 | 42,000) 44 25,800 | 27 27,700 | 29 53,500 56 1.55 
| 2 27,900 | 44 17,800 | 28 17,800 | 28 35,600 56 0.89 

3 | 17,200; 41 13,400 | 32 11,400 | 27 24,800 59 0.71 

4 11,700 | 36 12,300 | 38 8,500 | 26 20,800 64 0.51 

5 8,100 | 33 10,400 | 42 6,200 | 25 16,600 67 0.36 

6 5,450 | 41 4,000 | 30 3,850 | 29 7,850 59 0.20 

7 3,120 | 48 1,430 | 22 1,950 | 30 3,380 52 0.08 


Ill 5 58,500 19.9 23,900 | 32.7 34,600 | 47.4 14,500 80.1 0.93 
6 | 37,400 22.8 15,600 | 32.2 21,800 | 45.0 11,100 77.2 0.62 
1 § 32,000 | 25.7 13,500 | 31.5 18,500 | 42.8 11,000 74.3 0.58 
2 | 21,400] 32.0 9,300 | 29.5 12,100 | 38.5 10,100 68.0 0.43 
3 i 14,000 | 37.1 6,500 29.2 7,500 33.7 8,300 62.9 0.27 
4 
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wall water catcher consisted merely of a flat trough, fastened to the tower, and 
draining through a pipe to the outside of the tower. 


DATA AND COMPUTATIONS 


Evaporated and Enirained Water: The measurement of make-up water by 
means of the make-up weighing tank and sump tank level yielded the sum of the 
evaporated and entrained water. Evaporated water could have been obtained 
only if it were possible to measure the entrained water. Because this measure- 
ment was not possible, the total make-up water was construed to be equal to the 
evaporated water (See Tables 1 and 2). A small amount of entrained water 
was observed leaving the tower. It was also noted that the entrainment in- 
creased sharply at an air flow rate of approximately 5000 Ib per (hour) (square 
foot of net cross section area of packing). For an 8 millimeter water drop 
formed ait the bottom of a slat, the corresponding Reynolds number would be 
approximately 2800. According to Nottage and Boelter,? a Reynolds number 
of about 4000 is needed to suspend the drop. For the smaller drops, the pre- 
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viously mentioned air loading (air flow rate) would entrain drops smaller than 
2 millimeters. 

Water Distribution: The water draining off the packing as film, that 
falling between packing in drops, or that draining off the wall as film was col- 
lected separately to obtain the rate per hour for each (See Table 2). The total 
drained off the slats as film was obtained by multiplying the weight collected 
from a portion of the slats by the ratio of total slat length to this portion. 

It was found that the sum of the three water quantities obtained in this man- 
ner was greater than the quantity determined by means of the metering orifice. 
Each of the three quantities was therefore decreased in the same ratio so that 
the total equaled the metered quantity. 

Air Enthalpies: Air enthalpies at various heights of the tower were obtained 
from the actual wet and dry bulb temperatures. The measurement of wet bulb 
and dry bulb temperatures of a sample of air which is surrounded by water 
drops requires that the measuring device be protected from these drops of water. 
When a sample is obtained by passing the air through a tube to the outside 
and then through a separator in order that any entrained water drops be re- 
moved, it is evident that the walls of the device would be wetted and thus cause 
a change in enthalpy of the sampled air. Because of the small amounts of water 
involved, any correction would be difficult to obtain. An instrument for making 
an accurate measurement of the air condition inside the tower has not yet been 
devised. 

Measurements which could readily be obtained inside the tower were the 
water temperatures ; of these, a traverse was obtained along a center line of the 
packing at various heights in the towers. Wall water temperatures were also 
measured at the same height. By using the previously measured water distribu- 
tion of wall water and packing water, a mixed mean temperature at each level 
was computed. The temperature of the water which fell into the basin was also 
measured. By knowing the total water rate and temperature differences between 
successive levels in the tower, an enthalpy change was calculated between these 
successive positions from the sump to the nozzles. Since the wet and dry bulb 
temperatures of the incoming air were also measured, successive values of the air 
enthalpy were obtained by equating the changes in water enthalpy to the changes 
in air enthalpy. The changes in enthalpy between these stations were weighted 
so that the sum of these increments equaled the total change in enthalpy through- 
out the tower (See Tables 3, 4 and 5). 

Enthalpy Transfer Coefficients: With the mean water temperature and the air 
enthalpies at various heights in the tower calculated, a transfer coefficient was 
obtained between successive heights (See Table 6). An energy transfer equation 
between two successive stations in the tower may be written as, 


L Cpw (At)x = (hia)x Vx (Atx)m. (1) 


where 


L = water rate, pounds per hour. 
specific heat of water, Btu per (pound) (Fahrenheit degrees). 

(At)x = temperature increment between two successive heights in the tower, 
Fahrenheit degrees. 

height above the bottom of the packed section to halfway between the 
successive stations considered, feet. 
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TABLE 4. WaATER TEMPERATURE DISTRIBUTION ON WALL AS FUNCTION 
oF HEIGHT X 


by ar FAHRENHEIT DEGREE 
Numper | NUMBER x=Oft 2 4 6.6 10.7 9 12.6 
I 1 89.3 91.5 93.7 95.5 99.0 97.3 101.3 
2 91.1 92.9 95.1 97.3 101.3 99.1 103.5 
II 1 94.2 97.3 98.2 100.9 103.0 102.2 104.0 
2 92.8 94.6 96.4 100.9 105.6 104.4 107.5 
3 95.0 97.7 99.1 106.6 114.2 112.0 115.8 
4 94.2 95.5 96.8 102.2 109.8 107.5 111.5 
5 97.3 100.4 101.3 109.3 118.5 115.5 119.7 
6 72.9 73.8 75.5 80.9 87.1 84.9 89.3 
rf 75.1 75.5 78.7 87.1 102.2 96.4 106.2 
Ill 5 73.7 75.1 75.5 79.1 82.7 82.2 83.5 
6 72.9 73.3 74.2 78.2 82.2 81.3 83.1 
1 70.2 70.6 72.0 76.4 80.9 80.0 81.7 
2 65.3 66.2 67.5 72.9 80.5 79.1 82.2 
3 73.3 74.2 75.1 78.2 82.6 82.6 83.1 
4 70.6 71.6 73.3 76.9 80.5 79.5 81.3 

TaBLe 5. AiR ENTHALPY VARIATION 
Arr ENTHALPY AT DIFFERENT HEIGHTS ABOVE BOTTOM 
DaTa RUN OF PACKED SECTION 
Numare jax in Btu/Ib 

x=0Oft 2 4 6.6 9 10.7 12.6 
I 1 22.6 31.2 |} 35.5 39.1 41.4 43.1 45.5 
2 30.4 32.4 35.5 39.9 42.2 44.1 45.1 
II 1 24.5 30.2 32.5 40.7 43.2 44.3 45.9 
2 24.3 26.3 29.7 34.9 39.2 40.4 42.7 
3 25.7 27.5 29.6 35.4 40.6 42.7 45.4 
4 26.8 28.2 29.9 33.2 36.4 39.3 40.4 
5 27.0 28.4 30.3 33.3 35.7 37.2 38.4 
6 24.2 24.8 24.8 25.5 26.5 27.1 28.2 
7 24.6 24.6 24.8 25.2 25.7 26.1 26.8 
Ill 5 22.2 22.9 24.2 27.8 30.8 31.9 32.7 
6 21.2 21.5 22.5 25.4 27.2 28.0 28.6 
1 20.9 21.2 22.2 25.1 27.3 28.2 29.0 
2 16.6 16.9 17.6 20.0 22.5 . 23.4 24.0 
3 20.8 20.9 21.4 22.7 23.5 23.9 24.2 
4 18.6 18.7 19.0 19.6 20.0 20.2 20.3 
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TABLE 6. ENTHALPY TRANSFER COEFFICIENTS PER UNIT VOLUME 


Over Spray | Packep at Dirrerent Heicuts 
ALL Secrion | Secrion Asove Borrom or Packepo Secrion 
Data 
R 
| Btu Btu 
BER BER br Ft*(Btu/Ib) hr Ft(Btu/Ib) 
(hia)s+p| (Aia)s (hia)p | x =I ft 3 5.3 7.8 9.85 11.65 
I 1 244 249 627 333 203 132 | 160 161 
2 235 374 184 264 267 290 326 161 | 67 
II 1 198 340 154 261 107 291 96 62 73 
2 198 1340 157 130 179 197 183 68 106 
3 157 309 129 110 121 224 175 87 86 
4 108 216 108 113 111 151 115 130 38 
5 112 175 81 119 119 111 81 60 36 
6 81 135 73 18 82 78 100 7 90 
7 59 92 40 10 43 164 138 45 47 
lil 5 297 470 203 91 161 350 314 157 81 
6 216 306 138 41 141 279 173 105 65 
1 239 597 172 55 148 324 221 131 87 
2 183 552 153 43 118 271 254 123 64 
3 120 139 55 18 60 112 66 39 24 
1 68 84 27 12 37 50 29 17 ll 


(Aia)x = point enthalpy transfer coefficient per unit volume of tower, Btu per 
(hour) (cubic foot) (Btu per pound of dry air). 


a = surface area through which energy is transferred per unit volume in the 
volume included by (At)x, square feet per cubic foot. 


Vx = volume of tower included between the two successive temperature 
stations considered, cubic feet. 


(Atx)m = integrated mean enthalpy potential difference between the two suc- 
cessive temperature stations in tower, Btu per pound of dry air. 


Note that a was not separated from h, even though a set of packing was used 
for wl.ich the surface area was known. It will be shown that a considerable 
portion of the falling water in the tower was in the form of an aggregation of 
various sized drops for which the surface area was not known. This fact is true 
for all packed cooling towers where there is an interchange between film and 
drop formation. Further study on the effect of the percentage of water in the 
drop form and that in the form of films on unit volume enthalpy transfer co- 
efficients was considered needed. Work is now being carried out by the author 
to fulfill this need. 


Along with the calculation of a point transfer coefficient was the determination 
of an overall transfer coefficient for the whole packed section and the spray sec- 
tion only. With the enthalpy changes of the water for the packed section and 
the spray section known, the following quantities were found in the same man- 
ner as indicated by Equation 1: 


(hia)p = overall enthalpy transfer coefficient per unit volume for the packed 
section, Btu per (hour) (cubic foot) (Btu per pound of dry air). 
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(hja)s = overall enthalpy transfer coefficient per unit volume for the spray 
section, Btu per (hour) (cubic foot) (Btu per pound of dry air). 


Pressure Drop: A small amount of air pressure drop data was obtained for the 
packed section. No correlation was attempted due to the fact that too few data 
were taken. 


DISCUSSION 


Energy Distribution: It wa: noted that a plot of the air enthalpy, foun as a 
function of height in the tower, x, and of the ratio of water to air rate, L/G, 
served to represent the energy distribution through the tower better than the 
temperature of the water. During the tests, values of air enthalpy at the entrance 
to the tower, 1,,, did not vary by more than three percent for all runs during 
a given night. A first attempt was made by plotting the enthalpy of the air at 
a given height in the packed section, i,,, vs x with L/G as a parameter, where L 
was the water rate and G the air rate. In doing so, it was found that some of 
the experimental points were erratic and caused some confusion. By plotting 
i,, vs L/G with x as a parameter, the various curves fell into a reasonable order 
(see Fig. 3 for Test Group 2). By obtaining points on the faired curves of 
Fig. 3 of i,, vs L/G and x, a crossplot was made, see Fig. 4. 

It can be noted in Fig. 3 that at an approximate value of L/G = 0.4 there 
was a sharp decrease in i,, for all values of x as L/G was decreased. Although 
G was maintained at approximately 67,000 lb per hour for these runs, L/G was 
varied by varying the water rate, L, from 95,500 Ib per hour to 6500 Ib per hour. 
It was realized that between the water rates of 95,500 and 0 tb per hour, there 
would be a transition region from completely wetted to completely dry packing 
which would be called a partially wetted packing region. In this region there 
occurs channeling of the water streams on the packing and a consequent loss 
in cooling effectiveness. The variable L/G was not considered very significant 
in describing the transition from a fully wetted to a partially wetted packing 
because G can be changed for a given value of L and still not t chenge relative 
wetting. 

A better variable than L./G for the packing loading would be a quantity which 
would take into account the water spreading characteristics of the packing. This 
may perhaps be in part described by the ratio, blocked cross sectional area to 
the gross sectional area, or by the surface area of the packing for a foot of 
length of tower per open or net cross sectional area of the tower. In order to 
prevent the variable from approaching infinity when the packing density ap- 
proaches that of a spray tower (zero packing surface area), a ratio of slat film 
water rate to drops water rate was used. This variable to be used in the correla- 
tion of results from various towers might be: 


where 


S = total surface area of packing in tower, square feet. 
An = net or open cross sectional area of packed section, square feet. 
Ag = gross cross sectional area of tower, square feet. 


4. 
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_Ws _ water film drained off packing slats, pounds per hour 
Wa water flow in drops between slats, pounds per hour 


As the density of packing decreases, both area A and the ratio of the film to 
drop water rate w,/wg decrease until the limiting case of a spray tower is 
reached in which case S and w,/w, become zero and 


NOZZLE SPRAY WATER TEMPERATURE~) 


DISTANCE |ABOVE BOTTOM OF 
PACKED SECTION (Feet)-, 


| 


NAS 
a 80 — 
WATER — 
No 


35 2 3 4 J 
DISTANCE ACROSS TOWER , FT. 


Fic. 5. Typrcat TEMPERATURE Dis- 
TRIBUTION FOR CooLING TOWER 


Temperature measured along center line. 


L = 32,500 lb per hr 
G = 63,000 Ib per hr 


Inlet air 60 F dry bulb, 57 F wet bulb. 


Wd Ag 


S 


does not have a singularity. The value of 


becomes 


24.2 — 20 
in = ) 


(67000) (0.4) 


= 17.9 lb/ (hour) (square foot) 
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for the present experimentation at the point referred to previously on Fig. 3 
where partial wetting begins. In the case of the experimental data presented 
is 3.8 
Ib per (hour) (square foot) for the critical point of wetting they reported. The 
quantity w,/w,g was assumed to be about 1.0 for the London, Mason and Boelter 
data. Comparison of the two values shows that the present method of deter- 
mining the critical point yields a value five times the value obtained by the 
former group. It is believed that the step made in trying to correlate the critical 
points of the two towers, even with seemingly negative results at present, should 
lead toward a more complete understanding of the correlation of other desirable 
tower variables. 

Water Temperature Distribution: Observing Fig. 5, which represents a typical 
set of data, it was found that the water temperatures near or at the center of 
the tower were 5 to 20 deg higher than those near the sides. Higher tempera- 
tures may be expected near the center if the water rates are more concentrated 
there and also if the air velocities are higher toward the sides. In experiments 
now being conducted, the wall water is being eliminated near the top of the 
tower as much as possible in order that its effect be removed. 

The wall water temperatures decreased by only 40 percent of the total of the 
water temperature change in the packing because of the lack of stirring, splash- 
ing, and surface area during its descent. The first is equivalent to a high water 
side resistance to heat transfer. 

Fig. 5 shows that the average water temperature at the bottom of the packed 
section was lower than that of the sump. The sump temperature of 74.5 F was 
due to mixture of 95 F wall water and 70 F water from bottom of packing. 
Fig. 6 shows wall water temperatures as a function of height for Test Group 3. 

Water Distribution: From the data which were obtained for the three Test 
Groups at different times, the percentage of wall water, slat water, and water 
drops between slats varied somewhat. The results were averaged and yielded 
the following data: 


by London, Mason and Boelter!, the value of 


PERCENT WATER RATES 


Test Group Wall Slats Drops 
1 40 25 35 
2 41 31 28 
3 28 32 40 
Av'g. of 1&2...... 40 28 32 


The slat and drop water data were obtained at one place in the tower with 
the wall water in a separate device but all results were corrected so that the 
sum of the three quantities equaled the total measured water rate. Since the 
average results given in the last two rows were similar, it may reasonably be 
concluded, for the present, that the water rate distribution was approximately 
divided in percent as follows: wall water = 40; packing slat film water = 30 
and water drops = 30. 


WATER TEMPERATURES, °F. 


35 
tts 
22. 
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2 


HEIGHT ABOVE BOTTOM OF PACKED SECTION , FT. 


Air rate=76,800 (+11 percent) Ib per hr. 


Data from Test Group 3. 


Fic. 6. Watt WatTER TEMPERATURES AS A FUNCTION 


or H 


EIGHT 


Of the water in the packed section only, an equal division between drops and 
slat film occurred. It is not justified, therefore, to assume that the surface area 
of heat or mass transfer is only the packing surface area, as was done in the 
work presented by London, Mason and Boelter!, because up to half the water 
in the tower at any particular time was not in the form of packing film water. 
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HEIGHT ABOVE BOTTOM OF PACKED SECTION, x, FT. 


Air rate=76,800 (+11 percent) Ib per hr. ~ 


Data from Test Group 3. 


Fic. 7. Point ENTHALPY TRANSFER COEFFICIENT PER UNIT 
VOLUME AS A FUNCTION OF HEIGHT IN PACKED SECTION 
FoR VARIOUS VALUES OF L 
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Transfer coefficients should then be reported as i,a and not h, which is based 
only upon a packing surface area. Even though the ratio of water rate by drops 
to water rate as packing film may remain constant, the surface area of water 
drops to packing film will increase with total water rate. 

Research and analysis is now being carried on to show the relative importance 
of water drop cooling to the packing film cooling. This will be illustrated not 
only by making a microscopic analysis on the individual water drop and film, but 


SPRAY (hj), 


TRANSFER COEFF 
He (4.0) 

bat 


PER UNIT VOLUME 
: 


60 80 100 


WATER RATE 10° Lb. /He 


Comparison between spray and packed section performance. 
Air rate=67,000 (+19 percent) Ib per hr. 
Data from Test Group 2. 


Fic. 8. OveraLL ENTHALPY TRANSFER COEFFICIENT PER 
Unit VoLuME 


also by varying the density and types of packing. The latter will serve to change 
the performance of the tower by causing different heights of fall of the water 
drops and also different drop size distributions due to splashing. 

Point Enthalpy Transfer Coefficient per Unit Volume: Point enthalpy trans- 
fer coefficients per unit volume are shown plotted as a function of the position 
x which is measured above the bottom of the packed section at points halfway 
between the water temperature movable thermocouple stations. Data for Test 
Group 3 were used in drawing Fig. 7. Fig. 7 showed the tendency of point 
conductances to be highest approximately halfway up the packed section. 

It has been noted in the heat transfer from tube walls to fluids flowing into 


OVERALL (SPRAY PACKING) 

(hi 

PACKED SECTION 
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and through a tube that the point transfer coefficients were high at entrances 
because of the fluid flow conditions. Uniform velocity distributions at the en- 
trance which change into turbulent or viscous velocity distributions further into 
the tube were found to be the cause. Water and air distributions in the cooling 
tower were far from being uniform. Air entered the tower by making a right 
angle turn and water entered from nine individual sprays. The same conditions 
as mentioned for neat transfer were not found in the cooling tower but it is 
believed that velocity distributions were the cause of the varying transfer co- 
efficients shown in Fig. 7. It might be guessed that the point transfer coefficients 
should be higher at the water entrance side of the packing because the water 
temperatures were higher and air flow more uniform. But in observing the 
water sprays some time after tests were made, it was noted that water was not 
evenly distributed on the packing because of the sheet-like characteristics of the 
nozzle spray. It may be concluded that the water distribution at the spray end of 
the packing was uneven and therefore would not be conducive to high transfer 
coefficients. Lower point transfer coefficients at the ends of the packed section 
were probably caused by the non-uniform distribution of air and water at the 
respective entrances. 

Further experimentation should attempt to verify these results and eliminate 
or correct for the end conditions mentioned. For the case of water distribution, 
a set of screens may be used just after the sprays in order that the water drops 
be spread more evenly. Air flow conditions at entrance should be measured 
before specific conclusions are made. If a non-uniform air flow exists, there 
would be great difficulty making corrections with the present tower. A long 
calming section would be needed to obtain uniform entrance conditions. Certain 
end conditions simulating commercial operating tower conditions are, however, 
desirable. 


Overall Transfer Coefficient per Unit Volume: In order to make a comparison 
between the cooling due to the spray between the nozzles and packing and the 
cooling due to the packing, an overall unit volume transfer coefficient was cal- 
culated for each part respectively. Fig. 8 shows results for Test Group 2 for 
which overall unit volume conductances for the spray section, packed section 
and spray and packed section were plotted vs the water rate with the air rate 
being fairly constant for all runs. 


Enthalpy transfer coefficients per unit spray section volume as shown in Fig. 8 
were from 200 to 230 percent greater in magnitude than the unit volume 
transfer coefficients for the packed section only. Note the sharp increase in 
enthalpy of the air for this data as shown in Fig. 3 at the various water rates. 

Drops falling in the spray section were traveling at high velocities and existed 
in a high state of agitation after breaking from the turbulent sheets of water 
near the spray nozzle tips’. Drops formed at the bottom of packing slats fell 
from a zero initial velocity and a relatively quiet state of agitation as compared 
to the spray drops. Two effects of heat transfer in falling water drops are 
noteworthy :7'8 


1. Heat transfer from drops to air increases with the relative velocity of the drops 
to the air. 


2. Liquid side resistance to heat transfer from drops reduces with increased con- 
vection or agitation within the drops. 


ry 
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With these considerations, conductances may be expected to be higher in the 
spray section and this was verified by the data plotted in Fig. 8. 

An overall unit volume transfer coefficient was calculated for the whole tower, 
spray plus packing, and is also shown in Fig. 8. It may be seen that this curve 
is closer to the packed section curve which is explained by the fact that the 
volume of the packed section was approximately ten times that of the spray 
section. 

Components of Packing Cooling Due to Drops, Slat Film and Wall Water: 
An attempt was made to obtain data in order that computation could be made 
for the difference in cooling in the packed section due to drops and that due 
to slat films. This was done by utilizing water temperature measuring devices 
which segregated the two forms of water. Film temperatures at the bottom of 
each slat were found to be up to 1 deg higher than the adjacent drops. Of the 
data taken, none were representative enough to correlate with the other results. 

Pressure Drops: Only a small amount of pressure drop data was obtained 
along with the heat transfer data. Since the groups of test runs were made at 
essentially constant air rates and because pressure drops vary with the square 
of the air rates, no extensive correlation could be made. 

With the data obtained in Test Group 2, it was found that pressure drops 
varied from 0.2 to 0.35 in. of water for a variation of water rate from 6500 to 
95,500 Ib per hour when the average air rate was 67,000 Ib per hour. A friction 
factor, calculated from these results by the use of the Fanning equation, 


fL uw 


where 
f = friction factor. 
L = length of packed section, feet. 
R = hydraulic radius (open cross sectional area/perimeter of packing slats in 
one deck), feet. 
u = mean air velocity through packing, feet per second. 
Ap = pressure drop of air through packed section, feet of air. 


varied from 0.40 to 0.70 respectively. The Reynolds number was approximately 
50,000 based on an hydraulic radius of the net cross sectional area. 


CoNCLUSIONS 


1. Air enthalpies decreased sharply with water rates at all positions in the packed 
section for value of L/G from 0.35 to 0.4, indicating a possible critical point for 
partially wetted packing. 

2. The water temperatures over any cross section in the packed section were maxi- 
mum approximately midway between the tower sides. Values were found to be from 
5 to 20 deg higher than those near the sides. 


3. The temperature of the water film on the walls was found to decrease by only 
40 percent of the decrease in temperature of the packing water over the height of 
the packed section. 

4. The total water flowing was found to be divided between the film on the walls, 
drops between packing slats and film on the packing slats in percent as follows: wall 
water film = 40; water drops between packing slats = 30; water film on packing 
= 30. 
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5. The point enthalpy transfer coefficients per unit volume, (Aia)x, were maximum 
approximately halfway between the ends of the packed section. 


6. Overall enthalpy transfer coefficients per unit volume of the spray section above 
the packing were from 185 to 235 percent greater than for those in the packed section. 
Overall enthalpy transfer coefficients per unit volume were found to vary from 85 to 
360 Btu per (hr) (cu ft) (Btu per lb dry air) for the sprays and 40 to 160 Btu per 
(hr) (cu ft) (Btu per lb dry air) for the packing over a water rate range of 6500 
to 95,500 lb per hr. Air rates remained approximately 67,000 lb per hr + 19 percent 
for all runs. ¢ 


7. For the range of water flow of 6500 to 95,500 lb per hr and an average air rate 
of 67,000 Ib per hr, the pressure drops varied from 0.2 to 0.35 in. of water respectively. 
Correspondingly, the computed Fanning friction factors were found to vary from 
0.40 to 0.70. The Reynolds number for air was approximately 50,000 based upon an 
hydraulic radius of the net cross sectional area. 


NOMENCLATURE 


Ag = gross cross sectional area of tower, square feet. 
An = net or open cross sectional area of packed section, square feet. 


a = surface area of energy transfer per unit volume of tower, square feet per 
cubic foot. 


Cpw = specific heat of water, Btu per (pound) (Fahrenheit degree). 


hi = unit enthalpy conductance, Btu per (hour) (square foot) (Btu per pound 
of dry air). 


(hia)p = overall enthalpy transfer coefficient per unit volume of packed section, 
Btu per (hour) (cubic foot) (Btu per pound of dry air). 


(hia)s = overall enthalpy transfer coefficient per unit volume of spray scction, 
Btu per (hour) (cubic foot) (Btu per pound of dry air). 


(hia); = overall enthalpy transfer coefficient per unit volume of spray and packed 
section, Btu per (hour) (cubic foot) (Btu per pound of dry air). 


(hia)x = point enthalpy transfer coefficient per unit volume at height x, Btu per 
(hour) (cubic foot) (Btu per pound of dry air). 


g = gravitational acceleration, feet per (second) (second). 
G = air rate, pounds per hour. 
tax = enthalpy of air in tower at height x, Btu per pound dry air. 


(Aix)im = log mean enthalpy potential difference between two successive tempera- 
ture stations in tower, Btu per pound of dry air. 


Ap = pressure drop of air through packed section, feet of air. 
L = water rate, pounds per hour. 
R = hydraulic radius = An + perimeter (feet) of packing slats in one deck. 
S = total surface area of packing in tower, square feet. 
(At)x = temperature increment between two successive heights in tower, Fahren- 
heit degrees. 
“u = mean air velocity through packing, feet per second. 


lx = volume of tower included between two successive heights in tower, 
cubic feet. 


ws = water rate as film on packing slats, pounds per hour. 

wd = water flow between slats in the form of drops, pounds per hour. 
x = height above bottom of packed section, feet. 
f = friction factor defined by the Fanning equation. 
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DISCUSSION 


H. E. Decier, Kansas City, Kans. (WrittEN): This experimental tower has nine 
1% in. spray nozzles with about 20-in. spacing and downspray water distribution, 
whereas wood-filled conventional counterflow designs generally use % to 1%-in. 
up-spray nozzles set at 15 to 24-in. centers and nozzle pressures of 3 to 4 psi to 
insure good water breakup. By calculation, the tower has about 10 sq ft of wood- 
fill surface per cubic foot of active tower volume, whereas actual towers have wood- 
fill concentrations of less than half this amount. A plan area of at least 6 x 6 ft 
would have more nearly conformed with practice. By reducing the height and in- 
creasing the plan area, the same amount of fill could have been advantageously ex- 
panded to a more generally used concentration of 3 to 5 sq ft of surface per cubic 
foot of tower volume, and with a reduced draft loss. 

The maximum ratio of — = 1.6 (Fig. 3) is comparable with practice. Higher 
G 

liquid-gas ratios indicate little change in performance, which is predictable from re- 
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sults at lower ratios. Experimental work further indicates that liquid-gas ratios lower 
than 0.4 can be used with some designs, probably as low as 0.25, with about the same 
tower performance. From Fig. 5, it is evident that a high water concemtration existed 
down the center of the tower as well as along the walls, or perhaps a high velocity 
air vortex was moving up through the tower. The best cooling area was about 34 
of the distance from the center to the walls, where there existed a lower (more de- 
sirable) — ratio. The point unit-volume enthalpy transfer coefficient would probably 


have been higher nearer the top of the tower (Fig. 7) and undoubtedly a higher 
overall value obtained (because of better drop dispersion) if an up-spray system had 
been used. It would be of interest to know what nozzle pressure was used when 
operating the tower at the capacity of 95,500 lb of water per hour (191 gpm). 

The work shows good instrumentation, but the tower does not simulate actual de- 
sign because of (1) its dimensions, (2) large amount of woodfill, (3) use of down- 
sprays, and (4) intensified water concentration along the center and at the walls 
(as indicated by the highest temperatures, center and sides, in Fig. 5). It would be 
interesting to know the effect of streamlined egg-crate (channeled and stratified) 
air-stream flow immediately after the air enters the bottom of the tower. This ex- 
perimental water-cooling tower could be quite adaptable for a subsequent investigation 
of the effect of changing the wet bulb temperature of the air entering the tower. 
Some of the moist air discharged from the fan could be readily conducted to the base 
of the tower in such amounts as to obtain any desired wet bulb variations of the inlet 
air. This is basic research that would be of value to all persons interested in the 
cooling of water with atmospheric air. 


F. Epwarp Ince, St. Louis, Mo.: With reference to Mr. Degler’s comment, I feel 
that Professor Snyder’s objective was the performance of a packed tower and not that 
of a commercially arranged tower. Surface performance through this extreme height 
was not what could be expected from a commercial unit. 

The packing is of little consequence in the total capacity. This is apparent by the 
performance shown by the spray nozzle in its enthalpy capacity at that point. Perhaps 
a series of nozzles will be better than having any packing at all. If packing is proven 
useful, perhaps we should eliminate the nozzles entirely in future programs and see 
exactly what becomes of this arrangement. 


AvutuHor’s CLosure: In answer to Mr. Degler, the fact that the density of packing 
in this tower is twice that of some commercial towers does not necessarily mean that 
there was no justification for the tests. In fact, an extension was made in the density 
in order to find the effect upon the performance. Subsequently it is planned to present 
the performance as a function of packing density based on work already completed. 
In the recent paper by Simpson and Sherwood (see Reference 6) even greater dens- 
ities of slat packing were reported and shown to be of considerable advantage both 
with respect to performance and pressure drop. 

There is no particular magic in using a tower 6 x 6 ft for these tests because it 
happens to be one of the convenient commercial sizes. Many small commercial towers 
have inside dimensions other than an exact 6 x 6 ft, including towers from Mr. 
Degler’s company. 

The variation in water temperatures across the tower was undoubtedly due to an 
adverse water distribution which, in turn, influenced the air distribution. An upspray 
system would help in causing a more even water distribution. However, my experi- 
ments show (Fig 8) that a downspray within 15 in. of the nozzles exhibits very high 
performances. | have more data for sprays which I shall publish at a later date, 
showing enthalpy transfer coefficients per unit volume as high as 600 Btu per (hr) 
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(cu ft) (Btu per lb dry air). Therefore, it would be important to know the effect 
of the downsprays upon the packing performance. A more judicious choice of spray- 
nozzle sizes and placement would yield an cptimum performance in a downspray- 
packed tower. 

I am carrying out a study on the effect of the air-entrance construction upon the 
flow of air into the tower. 

Changing the wet bulb of the entering air would have little or no effect upon the 
enthalpy transfer coefficient per unit volume. The transfer coefficient varies particu- 
larly with the air rate and water rate and is somewhat affected by the entering water 
temperature. 

In answer to Mr. Ince, as I have pointed out and from the results in the paper 
concerning the performance at the spray nozzles, it would be advantageous to build 
a small tower with sprays. Dispersing these spray nozzles with height in the tower 
may not be the best arrangement as compared to placing the spray nozzles at one cross 
section. As the air gains enthalpy in passing through the tower, the cooling range 
of the water from each subsequent set of spray nozzles decreases. This problem re- 
quires further study. 
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HEAT TRANSFER RATES FOR REFRIGERANT 
BOILING IN HORIZONTAL TUBE EVAPORATORS 


By L. G. Seicer*, W. L. Bryan**, M. C. Huppertt, CLEveLAND, OnIG 


This paper is the result of research sponsored by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS in co- 
operation with the Case Institute of Technology, Cleveland, Ohio 


ipl SPITE of the general use of dichlorodifluoromethane (Freon-12) as a 
refrigerant in direct expansion heat exchangers, little basic information is 
at hand regarding its heat transfer behavior. Generally, it has been assumed 
that evaporating Freon has some average heat transfer coefficient and then this 
coefficient has been applied to heat transfer equipment to obtain performance 
data. This has sometimes resulted in erratic performance data and in some 
cases may actually lead to the selection of improper equipment for a given 
service. Therefore, the object of this investigation was to examine and to 
correlate the factors which seem to have the most significant effect on heat 
transfer such as loading, oil circulation with the Freon, L/D ratio. refrigerant 
flow, and temperature difference, tube to refrigerant. 


Score oF INVESTIGATION 


This paper gives the results of a series of tests on three simple straight tube 
evaporators. It was decided to begin the investigation with these tests in view 
of the fact that industrial evaporators often are complicated by methods of 
circulating and of loading. Therefore, the data presented here represent essen- 
tially basic performance for evaporating Freon-12 in single tubes. Application 
to complicated heat exchangers should be made with due caution. In these 
tests, no attempt was made to control the amount of oil circulating with the 
Freon. However, tests were run both with anc without an oil separator and 
attempts were made to measure the oil quantity in circulation. Tests were also 
run to determine the effect of excess liquid at the evaporator outlet. In all 
cases, subcooled liquid was supplied to the expansion valve. Saturation tempers 
tures in the evaporators ranged from 30 to 80 F. 


DESCRIPTION OF EQUIPMENT 


The equipment used for the purpose of these tests consisted of a one ton 
reciprocating type Freon condensing unit equipped with a variable speed drive 
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© THERMOCOUPLES EVAPORATOR 
THERMOMETERS 
NO. 432 
* PRESSURE TAPS NO. 2 235 
No. 3 123 


Fic. 1. SCHEMATIC DIAGRAM OF FREON-12 HEAT TRANSFER 
TEST SETUP 


and a water cooled condenser. The condenser was insulated so that a heat 
balance could be obtained and used as a check on the heat transfer calculation 
for the evaporator. A schematic diagram of the set-up and arrangement of 
evaporators is shown in Fig. 1. 

Freon and water temperature measurements were made with matched ther- 
mometers capable of being read to 0.1 F deg (0.2 deg graduations), and tube 
temperatures were measured by means of calibrated copper-constantan ther- 
mocouples attached directly to the tubes according to good practice?. The 
entire thermocouple system was calibrated before use by comparison with the 
same matched thermometers used in the Freon circuit. Also as a running check 
on the thermocouple system, check couples were installed at the same locations 
as certain mercury thermometers. Evaporator pressure measurements were 
taken through a manifold system connected to a common gage so that a reliable 
pressure difference would be obtained. 

All evaporators were made of 5% in. O.D. copper tube. Those referred to as 
Nos. 1, 2 and 3 had one return bend and had L/D ratios of 432, 235 and 123, 
respectively. One water heated evaporator for which results are also shown 
consisted of a 5g in. O.D. straight copper tube. 


METHOD AND PROCEDURE 


Each test run consisted of a set of 5-min readings of all instruments for 
a period of approximately one hour after equilibrium conditions had been 
obtained. Evaporator suction temperature was taken as the saturation tempera- 
ture corresponding to the suction pressure. However, this method of obtaining 
evaporator temperature was under constarit check by thermocouple, and was 
accepted only after preliminary tests indicated that the charge of Freon in the 


1 Temperature, Its Measurement and Control in Science and Industry—Sponsored by Symposium 
Committee of American Institute of Physics. (Reinhold Publishing Corp., N. Y., 1941.) 
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system actually agreed with the published data for Freon-12. A heat balance on 
the water cooled condenser was computed for each run and the flow of Freon 
was obtained from this balance. This Freon flow was then applied to the 
enthalpy rise across the evaporator to obtain the evaporator load. Plots of 
transformer current against evaporator load were made for each evaporator for 
all runs in which the Freon was superheated leaving the evaporator. This pro- 
vided curves of current flow vs. load which was used to determine evaporator 
loads for tests in which the Freon left the evaporator as a wet mixture. 

A rotameter installed in the liquid line before the expansion valve was also 
calibrated during the tests which were run with superheated vapor leaving the 
evaporator. This calibration permitted the evaluation of the Freon flow for 
tests run under conditions of a wet mixture. 

The rotameter tube also provided a means for determining the specific gravity 
of the liquid before the expansion valve by inserting a hydrometer float in 
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Fic. 2. HEAT TRANSFER RATES FOR FREON-12 IN FOUR 
HORIZONTAL TUBULAR EVAPORATORS 


= Heat transfer Btu per (hour) (square foot internal surface area) (pound 
AW, Freon-12 flow per hour 


At = Temperature difference between tube and refrigerant, Fahrenheit 
degrees 


% 
Q 
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place of the rotameter float. This was done in an effort to observe any change 
in specific gravity which would indicate the presence of oil. However, no appre- 
ciable variation in specific gravity was observed. 

Condenser water temperature measurements were made with thermometers 
which had 0.2 deg graduations and had a calibration accuracy of +0.1 F deg. 
All other temperature measurements were made with copper-constantan ther- 
mocouples connected to an electronic potentiometer. The scale of this irstru- 
ment could be read to +0.1 F deg. The thermocouples were calibrated in place 
with thermometers of +0.1 F deg accuracy. 


RESULTS 


The experimental results for the three electrically heated evaporators are 
shown in Fig. 2. Also shown on the same figure for comparison are four test 
points from a water heated evaporator previously tested. The tube diameter 
of the water heated evaporator was the same as was used in the electrical 
evaporators. However, the water heated evaporator was a straight 5% in. O.D. 
copper tube 20 ft long, and therefore, the L/D value did not include a return 
bend as did the L/D values for the electrical evaporators. 

As may be observed from Fig. 2, a correlation was obtained for all evapora- 
tors when the data were plotted in terms of as vs. At*. All the data plotted 
in Fig. 2 were obtained from tests in which the Freon left the test section with 
a quality in the range of approximately 30 to 80 percent. However, the results 
of other tests run with approximately 10 deg superheat at the evaporator out- 
let indicate that the correlation of Fig. 2 is reliable within the limits of experi- 
mental error throughout the entire evaporation range up to 100 percent quality. 
These results are shown in Table 1. 


EFFECT OF OIL 


In an attempt to investigate the effect of oil on the heat transfer rate, the 
specific gravity of the Freon liquid before the expansion valve was measured by 
means of a hydrometer installed in the rotameter tube after the float had been 
removed. No variation in either specific gravity or heat transfer rate could 
be observed in a series of tests during which the compressor speed was changed 
in an effort to carry over a variable quantity of oil for each test. However, 
changes in the color of the liquid before the expansion valve and the readings 
of thermometers located at the evaporator outlet indicated that the oil quantity 
did actually vary, although it produced nc appreciable change in specific gravity 
or heat transfer. Therefore, an oil separator was installed in the system after 
the tests were run on evaporator No. 1. Evaporators Nos. 2 and 3 were tested 
with the oil separator in operation. The liquid before the expansion valve was 
clear in all tests after the installation of the oil separator and no further diffi- 
culty was encountered with the thermometer readings. These facts indicate that 
less oil was in circulation during the tests of evaporators Nos. 2 and 3 than 
during the earlier tests of evaporator No. 1. However, there was still no 
noticeable change in heat transfer rate as indicated by the relatively good agree- 
ment of all results shown in Fig. 2. The somewhat greater scatter of the points 


* See list of symbols. 
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TABLE 1. COMPARISON OF RESULTS FOR SUPERHEATED VAPOR WITH THOSE 
FOR Wet MIxTuRE?® 


Tuse LENGTH Har TusBe LENGTH 
Q Q 
EMPERATURE — 
7, Superheat Superheat 
F A AWF At F Deg At F Deg 
30.1 1945 19.7 20.2 11.9 19.1 A 
39.3 900 19.9 16.6 8.7 15.7 x 
49.6 1875 20.0 17.3 9.7 15.8 =) 
56.7 1810 20.4 19.0 9.1 15.7 & 
30.6 1950 19.8 17.0 10.0 16.8 vai 
41.5 1900 20.1 20.6 14.0 16.0 s 
48.9 1915 20.3 17.6 10.5 15.8 
56.1 1820 20.7 18.3 10.8 16.7 5 
46.0 1890 20.0 17.4 9.3 15.6 
18.3 | 1760 19.2 13.9 10.6 14.8 5 


a From tests of Evaporator No. 1 before addition of superheater section. 


for evaporator No. 1 may have been caused by inaccurate temperatures. It 
was found to be difficult to obtain accurate temperature measurements with 
oil present. 


EFFECTS OF FLASH GAS AND QUALITY 


Flash gas entering the evaporators ranged from 8.5 to 20 percent and no 
appreciable effect was noticed due to its presence when the data were correlated 
as shown in Fig. 2. Approximately the same amount of scatter of points 
resulted in data plotted at constant flash gas as in those plotted without consid- 
eration of flash gas. However, it should be recognized that the ordinate of 


is really the heat 


Q 
Wy 
absorbed per pound of Freon. In cases where the Freon leaves the evaporator 


Fig. 2 actually accounts for variable flash gas since 


at 100 percent quality varies with the flash gas percentage for a given 


Q 
Wy 
pressure. 

It is interesting to examine further the ordinate of Fig. 2 for conditions of 
100 percent quality leaving the evaporator and 0 percent flash gas entering the 


evaporator. Under these conditions, becomes equal to the latent heat of 


F 
vaporization and the ordinate for a given evaporator pressure and area becomes 


a maximum. For Freon-12 the heat of vaporization is nearly constant in the 

range of normal evaporator operation. Therefore, =3-« well as At, must 
F 

also be nearly constant for a given evaporator. Fig. 3 is an attempt to demon- 

strate this fact. The scatter of the points along the line of constant At (line 

A-B) in this figure may be attributed to an inability to maintain 100 percent 

quality and to obtain 0 percent flash gas. 


CoNCLUSIONS AND RECOMMENDATIONS 


1. The heat transfer rate for Freon-12 evaporating in horizontal tubes may be 
correlated in terms of Q/AWrF vs. At. 


= 
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Fic. 3. VARIATION IN HEAT TRANSFER COEFFICIENT WITH 
At AND EVAPORATOR LOAD (FROM TESTS OF EVAPORATOR No. 3) 


At = Temperature difference between tube and refrigerant, Fahrenheit degrees 


Q 
—— = Heat transfer, Btu per (hour) (square foot of internal surface area) 
AAt (Fahrenheit degree difference between tube and refrigerant) 


Additional tests should be run with different tube diameters. 


2. The presence of oil in Freon-12 evaporators does not seem detrimental to heat 
transfer when the oil is present in quantities such as obtained with ordinary commercial 
equipment. However, quantitative tests should be run to determine how much oil can 
be tolerated before the heat transfer is affected. 


3. L/D ratios from 123 to 432 had no effect on heat transfer. However, only one 
tube diameter was used in this investigation and, therefore, similar data should be 
obtained for other tube diameters. 


4. Shorter tube lengths (smaller evaporator areas) gave greater values of a 


and Ai. Still smaller evaporators should be investigated to determine limiting conditions. 


List oF SYMBOLS 


A = Internal surface area of evaporator, square feet 
Q = Total heat transferred, Btu per hour 
Wy; = Freon-12 flow, pounds per hour 
At = Temperature difference between tube and refrigerant, Fahrenheit degrees 
L/D = Ratio of heated length to inside diameter 


: 
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DISCUSSION 


H. B. Norrace, Cleveland, Ohio (WritTEN) : If this paper is to be published in the 
A.S.H.V.E. TRANSACTIONS, complete data should be added for each run. These 
should include: (1) The initial and final state of the refrigerant; (2) refrigerant 
flow rate; (3) heat transfer rate; and (4) tube inner surface-temperature distribution. 

How was the tube temperature for Fig. 3 defined and measured experimentally? 

More details on the heat-loss calibration would be of interest. Did this loss vary 
in simple relationship to the rate of heat generation, evaporator load, and the tem- 
perature difference to the surroundings? 

Use of electrical tube heating would mean a uniform heat load per unit of tube 
length except for variations in loss to the surroundings, longitudinal conduction, and the 
distortion at the bend. The lengthwise distribution of tube temperature should then 
allow an estimate of the lengthwise variation of the unit conductance for tube-to- 
refrigerant heat transfer. Such magnitudes would be helpful in design and also give 
better evidence on the influence of quality upon the heat-transfer rate. An effect of 
quality would be expected because of the change in fluid properties accompanying 
vaporization, and it may be that this was masked by the large L/D ratios employed. 

Fig. 2 shows that the unit enthalpy increase for the evaporating freon depends 
primarily upon the tube surface area and At. Should not this be more explicitly 
limited to the test range of Wr? 

The straight lines on Fig. 3 are, in effect, plots of At vs. 1/At. Scatter of test 
points would indicate non-constancy of load. If the electrical input was held constant 
for each line, then experimental evidence exists that the portion of the input lost 
to the surroundings was slightly influenced by conditions in the refrigerant passage. 


C. M. Asutey, Syracuse, N. Y.: This is a significant paper as it measurably 
increases knowledge in an area which has been badly neglected in the past. Pre- 
senting, as it does, the data for several lengths of tubes and over a range of refrigerant 
quality, it permits a direct correlation of variables other than those which were 
possible with my test data which were presented in 1941. These were based upon 
tests of a single tube length and largely at saturated leaving conditions. 

It is of special interest to compare the results of these two studies. The tests 
reported by me show temperature differences of approximately 30 percent less than 
those shown by Fig. 2 of the present paper for refrigerant leaving the evaporator 
saturated; and approximately 10 percent less for refrigerant leaving the evaporator 
with 70 to 75 percent quality. However, the evaporator length for my tests was 


L 
60 percent longer in terms of D ratio than the longest evaporator tested in the 


present series of tests, and was 4 percent larger in diameter. It is of some interest 
to note that, when my data are corrected back to the length of the longest evaporator 
of the present test by the use of the tentative correlation suggested in the earlier 
paper, the value of At falls on the line of Fig. 2 for the saturated leaving conditions. 
Thus, for shorter evaporators, the use of the data from the earlier paper would be 
at least as conservative as that of the present paper. 

Another point of interest is that apparently most of the data shown in the present 
test were taken at relatively low loads; that is, below 10,000 Btu per hr. In this 
region, my test data indicated a fixed value of At for a given evaporator at saturated 
leaving conditions which confirms the present series of tests. However, at higher 
values of loading, from 12,000 to 18,000 Btu per hour, the value of At is shown by 
the earlier test to decrease with increased loading. On this basis, I believe that the 
validity of the present series of tests must be considered as limited to low loading. 
They could, however, be used conservatively for higher loading. 

I cannot account for the differences in results between my tests and those of the 
present paper. The difference in the length and diameter of the tube, however, may 
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be of some significance. The deviation from the curve of Fig. 2 is less than the total 
spread of the points. It is hoped that the authors will extend their work to cover 
longer circuits and higher loading rates. I recommend that they include in their 
final paper data on Af at the different points through the test evaporator for typical 
tests. These data will be of great value as a cross-check and as a cross-interpretation 
of the system of correlation used. 

The authors apparently used no refrigerant pressure and temperature measuring 
stations at the end of the evaporator. It would be of interest to know what the total 
pressure drop through the evaporator and superheating sections were. To be of the 
greatest value, the data obviously should be based upon the mean refrigerant tempera- 
ture, rather than that at either end of the evaporator. Information on the closeness 
of the check of evaporator load by the two methods used would also be of interest. 

It is requested that essential original test data be included in the final draft of the 
paper. I note a growing tendency to omit these data for brevity and readability. This 
is to be deplored, because it makes the interpretation of data by the reader difficult, 
if not impossible. I have many times found it extremely valuable to make such an 
interpretation. The essential quality of the data is impaired by such omission. 


F. Epwarp Ince, St. Louis., Mo.: In Fig. 3, are superheat or saturated tempera- 
tures involved for values of At in the range of 15? 


AutHors’ CLosureE: The authors wish to thank the discussers for bringing out a 
number of interesting points. Several have mentioned inclusion of data. We would 
like to have included data, but it was a question of precedence that should be decided 
by the Society. The data alone would have filled the space given to the present paper. 
Should the paper be twice as long, including the data, or should section of the data 
be deleted? Our answer to this question was to include the results in curve form, 
increase the analysis and leave out the data. We felt that cutting down and putting 
in certain specific data would lead to wrong interpretations. 

As to the six tube temperatures, they were measured by calibrated copper- 
constantan thermocouples attached directly to the outside surface of the tube in the 
positions shown in Fig. 1. 

We agree with Mr. Nottage’s comment on Fig. 3, that the scatter of points indi- 
cate fluctuations in load. These data (tests of evaporator No. 3) were taken prior 
to the installation of a constant voltage transformer so that constant electrical input 
was only approximated. It will be noted, however, that these data correlate with 
the other data as indicated by Fig. 2. It should be pointed out that the purpose of 
Fig. 3, was to explain the coordinates of Fig. 2 and not a presentation of data. 

We appreciate Mr. Ashley’s comments and the thought which he gave to our paper. 
Concerning the higher loads, we were limited with our size tubes to 12,000 Btu per 
hr load. However, on the basis of Btu per hr, sq ft, we obtained 9900. If calculated 
correctly, Mr. Ashley’s range was 3700 to 12,000 Btu per hr, sg ‘t. Mr. Ashley's 
highest load in Btu per hr was 18,000. 

It will be necessary, of course, to increase the length of the tube to explore what 
takes place beyond the 9000 Btu per hr load. 

The pressure drop measured across the total evaporator was found to be very 
small and not of a sufficient magnitude to be measured accurately on a Bourdon type 
test gage. It was also found of insufficient magnitude to obtain consistent readings 
with a differential gage. Because of this, no attempt was made to measure the 
pressure drop across the test section of the evaporator. 

Mr. Ince mentioned Fig. 3. The maximum temperature difference, tube-wall tem- 
perature minus saturation temperature of the refrigerant at evaporator pressure, 
was 15.3 
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No. 1354 


PSYCHROMETRIC FACTORS IN THE AIR 
CONDITIONING ESTIMATE 


By C. M. AsuHtey*, Syracuse, N. Y. 


URRENT methods of estimating summer air conditioning load and select- 
ing equipment have many elements in common, but differ in directness of 
approach and assurance of results. The present paper describes one method! 
used by the author for fifteen years, and compares it with other methods. It 
is hoped that such comparison will stimulate discussion which may establish 
a uniform method of estimating and of equipment selection. 
A sample estimate form which presents an overall view of the method is 
included as Fig. 1. 


APPROACH TO THE ESTIMATE 


The estimator of a heat load for summer air conditioning customarily starts 
with certain design conditions. These conditions are usually those for which 
system performance is to be guaranteed and include: 


. Room air temperature and humidity. 

. Outside air temperature and humidity. 

. Number of people customarily in the space. 

. Internal sources of heat and moisture, such as lights, motors, cooking appliances, 


. Ventilation standards to be maintained (usually in terms of cfm outside air 
per person). 


Information must also be available as to the size of the room and the build- 
ing construction. From the foregoing information the estimator determines 
(1) what heat and moisture load must be removed from the space to be con- 


*Chief Development Engineer, Carrier Corp. Member of A.S.H.V.E. 

1 Exponent numerals refer to References. 

Presented at the 55th Annual Meeting of THe American Society or HEeaTiNG AND VENTILATING 
Enarneers, Chicago, Ill., January 1 
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ditioned; (2) what additional heat and moisture must be extracted from the 
ventilation air. Usually, the estimator also knows in advance the general type 
of air conditioning equipment to be used. 
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Fic. 1. EstiMaTE Form 


SENSIBLE AND LATENT HEAT 


After determining the heat and moisture load of the room, the estimator 
next has to choose the temperature and humidity of the air to be supplied by 
the apparatus. He must also select the corresponding air quantity. The problem 
is illustrated graphically on the psycurometric chart (Fig. 2), where B repre- 
sents the condition leaving the apparatus, and C the room condition. To reach 
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room conditions, the air, as it passes from the apparatus to the room, must 
absorb the heat and moisture load liberated in the room. This is illustrated 
by line BC. 

The first part of the heat gain of the air is associated with a change of 
temperature and is generally termed sensible heat. The sensible heat gain is 
a function of: (1) the temperature rise of the air moving from the apparatus 


HUMIDITY RAT.O 


ORY BULB TEMPERATURE 


Fic. 2. Prot or Arr CONDITIONS ON 
PsyCHROMETRIC CHART 


to the room; (2) the rate of air flow; (3) the specific heat of the air (includ- 
ing its moisture). 

The second part of the heat gain is associated with a change of moisture 
content of the air (humidity ratio) and is commonly known as latent heat. 
The latent heat gain is a function of: (1) the increase in moisture content of 
the air as it goes from apparatus to room conditions; (2) the rate of air flow; 
(3) the latent heat of the moisture per pound. The sum of the sensible heat 
and latent heat is commonly known as total heat. In Appendix I it is shown that 
for the range of conditions used in comfort air conditioning, it is possible to 
consider as constants both the specific heat of moist air and the latent heat 
per pound of dry air. The error in total heat should be under 1 percent. This 
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is smaller than normally obtained by the use of uncorrected enthalpy at 
saturation. 

SENSIBLE Heat Factor 


Since the same air is used for absorbing both moisture and sensible heat, the 
ratio of moisture to sensible heat gain per pound of dry air is the same as 
the ratio of the moisture load to sensible heat load to be absorbed in the room. 
The moisture content being the ordinate of Fig. 2 and the temperature the 


A 


DEW POINT TEMPERATURE 


wer BULB TEMPERATURE IN ROOM 


Fic. 3. Apparatus Dew Point CHART 


abscissa, their ratio is expressed by a constant slope, ABC. This ratio can be 
expressed either directly or in terms of related functions. A convenient related 
function is the ratio of sensible heat to total heat. This is called the Sensible 
Heat Factor. 


where: 


Qs = sensible heat load 
Q; = total heat load 


On the psychrometric chart, the Sensible Heat Factor can be used to deter- 
mine the slope of the line which joins the required state points of the supply 
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air leaving the apparatus and that of the room air. (See Appendix I, Equation 
12a). Since this line represents the locus of points satisfying the given ratio 
of moisture to sensible heat load, the condition of the air leaving the apparatus 
can be chosen anywhere along this line. Thus, a means is obtained for determin- 
ing the supply air conditions required to give the design room conditions. Any 
leaving apparatus conditions not on this line cannot satisfy the design room 
conditions. 


APPARATUS DEW POINT 


In Fig. 2, the apparatus dew point is at point A, where the sloping Sensible 
Heat Factor line corresponding to Sensible Heat Factor joins the saturation 
line. It should be understood that the supply air condition need not be at A, 
but can be at any point (such as B) on the line AC. 


ApparATus Dew Point CHART 


Since the slope of a line on the psychrometric chart (Fig. 2) is difficult to 
determine accurately, an apparatus dew point chart of the alignment type has 
been devised (Fig. 3). This chart makes possible the reading of the apparatus 
dew point within +1 deg. 


Coit Bypass Factor 


In spray type dehumidifiers, the air leaving the dehumidifier is usually 
saturated and therefore is at the apparatus dew point. This simplifies the 
problem of choosing the correct apparatus dew point and air quantity. 

When a coil is used as a dehumidifier, the air normally leaves in a condition 
less than saturated. This complicates matters, since the estimator must evaluate 
both the dry bulb temperature and the moisture content of the air leaving the 
coil. Moreover, these values are influenced by the condition of the air enter- 
ing the coil (which may not be at the room condition). 

Referring to Fig. 2, if C represents the entering state point of the cooling 
coil and B the leaving state point, then the coil apparatus dew point is found 
by extending the straight line joining points C and B to the saturation line 
at A. It should be understood that this line is not necessarily a condition line 
for the air flow through the coil (Fig. 4). Rather, it represents the relation- 
ship between the entering and leaving terminal conditions. The slope of this 
line gives the Sensible Heat Factor for the coil. 

For a very deep coil with entering and leaving state points on this line, 
the leaving condition would be practically at saturation. The efficiency of the 
coil could be considered as 100 percent, and the inefficiency zero percent. With 
a shallower coil, this no longer holds true, and the final state point will be at 
some point such as B of Fig. 2. In this case, it might be assumed that a 
portion of the air came in contact with the coil surface and was reduced to the 
condition of the coil apparatus dew point, while another portion passed through 
the coil without any change of condition?. The portion assumed to have 
passed unchanged through the coil is termed the bypass portion. It might be 
considered as the inefficiency of the coil. The remainder is termed the dehumidi- 
fied portion. 
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The Bypass Factor (Appendix II, Equation 16) can be described as the ratio: 


leaving air temperature minus coil apparatus dew point 
entering air temperature minus coil apparatus dew point 


Since the conditions of the air entering the coil, leaving the coil, and at the 
coil apparatus dew point, are on a straight line on the psychrometric chart, the 


HUMIDITY RATIO 


ORY. BULB TEMPERATURE 


Fic. 4. ConpiT1ion oF Arr PAssING 
THROUGH THE COIL 


Bypass Factor with respect to temperature and moisture will have the same 
value. 

h—t_ Ws 


where: /,, f, and t, are the entering, leaving and apparatus dew point tempera- 
tures and W,, W, and W, are the corresponding humidity ratios. 


Bypass Factor (BF) = 


Coit PERFORMANCE, AiR SIDE 


The concepts of the coil Bypass Factor and of the coil apparatus dew point 
have been developed without any relation to the surface temperatures actually 
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existing in the coil. Such a relationship is desirable in solving problems, and 
was implied in Carrier’s 1911 statement of the laws of psychrometry’. Later, 
he* and others5-® developed the theory that, in any process involving simul- 
tanecus transfer of heat and of moisture between air and a wet surface, the 
transfer of heat and of moisture between the surface and air is in proportion 
to the respective heads. 


This relationship is presumably due to the diffusion of the water vapor 
molecules into the air at substantially the same rate as the transfer of heat 
(kinetic) energy between the molecules. (Actually, the water vapor diffusion 
is somewhat faster.) Since the rate of transfer of heat and moisture can be 
considered the same with respect to their heads, the condition of transfer is 
the same as if a portion of the air were brought in contact with the surface, 
and its temperature and moisture content were brought to the surface condi- 
tion and then remixed with air passing unchanged through the coil. 


But this is exactly the analogy used previously to illustrate the relationship 
between the entering and leaving coil conditions and the coil apparatus dew 
point. It can then be seen that the coil apparatus dew point has a physical 
as well as a mathematical significance. It is the uniform coil surface tempera- 
ture necessary to produce the actual combination of entering and leaving con- 
ditions (as shown by line AC, Fig. 2). 


In practice, the coil surface temperature is seldom uniform throughout, 
particularly where the coil has extended surface on the air side. A typical 
condition of the air as it passes through the coil is represented by the curved 
line CDB, Fig. 4, with initial surface temperature at E and the final surface 
temperature at F. However, the leaving air condition B is the same as though 
the coil surface temperature were constant at A, (See Appendix IT). 


It is thus possible to assign a single surface temperature as the composite of 
actual temperatures. Since this effective surface temperature is the lower 
terminus of the sioping line on which the entering and leaving coil conditions 
are located, it can be considered as the coil apparatus dew point. 


Fig. 5 shows typical Bypass Factors for a line of finned coils. (The deriva- 
tion of the coil Bypass Factor is shown in Appendix II.) As will be seen, the 
Bypass Factor of a coil is a function primarily of the depth of the coil and, to 
a lesser extent, of the air velocity. It can be considered as a measure of the 
effective coil depth. The Bypass Factor thus indicates the air side performance 
of a chosen coil, and makes possible the calculation of the conditioned air 
quantity for a job for which ihe load and Sensible Heat Factor are known: 


_Qs 
where 

q = flow of air, cfm 

Qs = sensible heat load, Btu per hr 
BF = bypass factor 

ty = room temperature 

ts = apparatus dew point 
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PERFORMANCE, OVERALL 


Since with all finned coil dehumidifiers there is a substantial difference 
between the coil apparatus dew point and the refrigerant temperature, it is 
essential to know the refrigerant side performance as well as the air side. 
Several methods of analyzing coil tests!! and extending data to other coil 
conditions have been developed. The total heat or three line method developed 
by the author and by others? determines tne terminal surface conditions for 
any chosen air and refrigerant conditions. This method (Fig. 6) is based 
upon determining the terminal surface conditions by making the ratio: 
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Fic. 5. Typicat Bypass Factor For A LINE 
oF FINNED CoILs 


total heat difference between air and surface 
temperature difference between surface and refrigerant 


equal to 


heat transfer resistance of air film X specific heat of moist air 
heat transfer resistance of refrigerant film and metal 


From these data, the depth of the coil, and, hence, the overall coil performance 
for the assigned conditions are determined. This basic method has been further 
refined®. 

The refrigerant side heat transfer is expressed in terms of the temperature 
difference between the coil apparatus dew point calculated from the Bypass 
Factor (Equation 2) and the refrigerant temperature calculated as described 
previously. It has been found that this refrigerant side performance is relatively 
independent of the air side performance. For a given coil, using a non-volatile 
refrigerant, it may be expressed in terms of load and refrigerant flow!!; for 
a volatile refrigerant, in terms of load®. (Illustrated in Table 1.) 


; 


PsyCHROMETRIC FACTORS IN THE AIR CONDITIONING ESTIMATE, BY ASHLEY 99 


DvuE TO OuTSIDE AIR 


As far as possible, outside air for ventilation is brought through the appa- 
ratus, to reduce to a minimum the direct effect of outside air on the room con- 
ditions. This also increases the effectiveness of the air conditioning apparatus, 
because the entering air is increased in temperature and moisture content above 
the room conditions. 

The ventilation requirements are determined by the sources of air contami- 
nation: people, food, etc. Thus, the outside ventilation air for a given job 


HEAT TRANSFER CHART 
FOR PLATE FIN COIL LT 
Za 
ALS 
Cal 
Ale 
A “| |roas T MAL RESIST VERALL] SQ. FTADEGAHR. 
rf EFRIG 
Ta 
1000 800 700 600 400 300 
22 03 04 


Fic. 6. Heat TRANSFER CHART FOR PLATE FIN CoIL 


is chosen as a certain flow rate in cubic feet per minute. But the dehumidified 
air quantity is determined from the air conditions leaving the apparatus and 
depends upon the room load and the Sensible Heat Factor. Where a saturating 
type of dehumidifier is used, determining the condition of the air leaving the 
apparatus is simple, since the air is at saturation and is not affected by the 
condition of the air entering the coil. 

On the other hand, where a coil dehumidifier is used which does not saturate 
the air, the air condition leaving the coil is a function not only of the effective 
coil surface temperature and of the coil Bypass Factor, but also of the enter- 
ing air condition. But the entering air condition is unknown until the air 
quantity passing through the coil is chosen and the percentage of outside air 
can be determined. 
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From this dilemma there are three possible avenues of escape which do not 
involve cut-and-try or approximation: (1) choose the air velocity and depth, 
ie., the Bypass Factor, of the dehumidifying coil; (2) choose the dehumidified 
air quantity; and (3) choose the leaving air conditions. The choice which is 


HUMIDITY RATIO 


At 


ORY BULB TEMPERATURE 


Fic. 7. RELATION oF OvuTSIDE AIR 
Loap AND BypassEep ON 
PsyCHROMETRIC CHART 


made is perhaps the most significant difference between estimating methods, 
as will be shown in a later section. 

For the method developed here, the cooling coil is chosen as to air velocity 
and rows deep, as a part of the heat load calculation. The choice is simple and 
natural, because cooling coils are usually available in integral row increments 
of depth. This choice is based upon economic factors which are related to the 
type of job and type of load and which are readily learned by the estimator. 

Since a portion of the air entering the coil is assumed to pass through with- 
out change of condition, this portion of the outside air can be considered as 
bypassed through the coil. The effect on the room load is the same as if this 
outside air entered the room independently of the apparatus, as infiltration air 
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does. Thus, it is evident that the load due to the bypassed outside air can be 
treated in the same manner as infiltration load and therefore added to the 
room load. 


The dehumidified portion of the outside air leaves at saturation, and its effect 
on the room is as though it were an equal amount of air from the room. Thus 
the new room sensible and latent heats (including the heat from the bypassed 
portion of the outside air) serve as the basis of a pseudo room Sensible Heat 
Factor line on which the coil apparatus dew point is located. The Bypass Fac- 
tor, when applied to the room temperature minus the coil apparatus dew point, 
gives a pseudo air temperature leaving the apparatus. When used with the 
room sensible heat (including sensible heat from bypassed outside air) this 
pseudo air temperature permits the calculation of the dehumidified air quantity 
according to Equation 3. 


The outside air load of the dehumidified or non-bypassed outside air must, of 
course, be added to the room total heat to give the grand total heat. It should 
be noted that, when this method is used, it is not necessary to determine the 
actual air conditions entering and leaving the coil. 


The relationships described can be seen graphically on the psychrometric chart, 
Fig. 7. The slope of the line AC represents the Sensible Heat Factor for the 
room condition at C and A the apparatus dew point for the room. Let O be 
the outside air condition and D on line CO the condition of the mixed air 
entering the coil. Assume the condition of the air leaving the coil as B on 
line AC. Then the coil apparatus dew point must be at E where the extension 
of the line DB intersects the saturation line and this must be the surface tem- 
perature of the coil. This corresponds to a room Sensible Heat Factor repre- 
sented by the line EC. 

If now a line is drawn from the ieee coil condition B parallel to CO meet- 
ing line EC at F, two similar triangles EBF and EDC are formed. Therefore, 
EB/ED — BF/DC = EF/EC = coil Bypass Factor (equivalent sides of similar 
triangles). But since DC represents the outside air load, BF must represent 
the bypassed portion of the outside air load. This can be attached to BC repre- 
senting the room load to give a new equivalent or pseudo room load represented 
by FC. By means of the transfer to the room load of the bypassed portion of 
the outside air load (represented by BF) a new value can be determined for 
room Sensible Heat Factor (represented by line FC). Thus the coil apparatus 
dew point E becomes the pseudo room apparatus dew point. The air quantity 
passing through the coil may thus be figured from the coil apparatus dew point 
E, the room condition C, and the coil Bypass Factor EF/EC. 


CALCULATING A1R CONDITIONING ESTIMATE 


A typical cooling load estimate made in accordance with the principles out- 
lined in this paper is shown on the cooling estimate form (Fig. 1). The high- 
lights of the estimate are: (1) pre-selection of the outside and room conditions ; 
(2) calculation of the ventilation requirements in terms of air quantity; (3) 
determination of the bypass outside air load using the coil Bypass Factor 
determined from the pre-selected coil depth and face velocity; (4) determina- 
tion of the Sensible Heat Factor and from this, the coil apparatus dew point; 
(5) calculation of the dehumidified air quantity based upon the room condi- 


a 
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tions, the coil apparatus dew point and the coil Bypass Factor; and (6) selec- 
tion of the equipment as determined by the grand total heat and the refrigerant 
temperature. 


CoMPARISON OF METHODS 


Most load estimating and equipment selection methods which are designed 
to produce a guaranteed result recognize the need for breaking down the 
load into its sensible and latent components. These methods use some equiva- 


TABLE 2. COMPARISON OF DIFFERENT SYSTEMS OF LOAD ESTIMATING AND 
CooLtinc Coit SELECTION 


SYSTEMS 
ITEM 
le 2 3 4 5 
Outside Air, cfm.......... Given Given Given Given Given 
Given Given Given Given Given 
Outside Air (Paice Cont...| Given Given Given Given Given 
Given Given Given Given Given* 
Room Moist Cont......... Given Given Given Given* Given* 
— Calculate Calculate Calculate Calculate Calculate* 
Latent Heat....... Calculate Calculate Calculate Calculate* Calculate* 
Outside Air pe Heat....| Calculate> Calculate Calculate Calculate Calculate* 
Latent Heat..| Calculate> Calculate Calculate Calculate* Calculate* 
Sensible Heat Factor...... Calculate Calculate Calculate Calculate* Calculate* 
Apparatus Dew Point... .. Result 2 Result 5 Result 5 Assume* Assume*® 
Apparatus cfm............| Result 3 Assume Result 1 Result 1 Result 1 
Sere _ Result 1 Assume Assume Assume 
Apparatus (Mist Cont....) — Result 2 Result 2 Assume* Assume 
Outside Air & {Mois rere — Result 3 Result 3 Result 2 Result 2 
Room Mixture |Cont...... — Result 4 Result 4 Result 3 Result 3 
eee Assume Assume Assume Assume Assume 
Assume Result 7 Result 7 Assume Result 4 
Bypass Factor....... Result 1 Result 6 Result 6 Assume* Result 5 
Refrigeration Temp....... Result 4 Result 8 Result 8 Result 4 Assume 


Notes: Numbers indicate normal sequence of resultant steps. 
a Approximate only. 
b Bypassed outside air heat included in room heat. 
¢ No. 1 system is that described in this paper. 


lent of the Sensible Heat Factor for determining the state point of the air 
leaving the apparatus. Some of these systems also recognize the principle of 
the coil apparatus dew point and of the Bypass Factor. 

The principle differences occur in the determination of the dehumidified air 
quantity and the selection of the cooling coil. Table 2 illustrates in chart form 
the salient differences between the method presented in this paper and other 
possible means of treating the problem. 

Systems 1, 2 and 3 represent the three solutions listed under Problems Due 
io the Outside Air. In System 4, the coil depth and the coil leaving air con- 
ditions are assumed, whereas in System 5 the refrigerant temperature and the 
coil leaving air conditions are assumed. Both systems may result in substan- 
tial deviations, from design, of the room humidity and of the latent heat load. 
The numbers following the results indicate the probable order of the steps and 
provide some index to the calculation. 
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SYMBOLS 


A = face area of the coil, square feet 
(RF) = bypass factor 
¢ = specific heat of moist air, Btu per pound. (dry air) 
G = weight flow of air, pound per hour. (dry air) 
h = “iuthalpy of moist air, Btu per pound. (dry air) 
K = Mass transfer coefficient of moisture through air im, pounds per square 
foot X hours X pounds per pound 
L = coil characteristic ratio. (See Equation 30) 
M = moisture transfer, pounds per hour 
q = volume flow of air, cubic feet per minute. (Standard conditions) 
Q: = latent heat, Btu per hour 
Qs = sensible heat, Btu per hour 
Qr = total heat, Btu per hour 
= heat flow resistance of air film, hours X square feet X degree per Btu 
tm = heat flow resistance of metal, hours X square feet X degree per Btu 
= _ flow resistance of refrigerant film, hours X square feet X degree per 
tu 
S = surface area of the coil (air side), square feet 
(SHF) = sensible heat factor 
¢ = temperature, Fahrenheit degree 
= coil apparatus dew point 
‘a = velocity of the air over the coil face, feet per minute 
W = humidity ratio, pounds of moisture per pound of dry air 
e = density, pounds per cubic foot 


, 


PsyCHROMETRIC FACTORS IN THE AIR CONDITIONING ESTIMATE, BY ASHLEY 105 


SUBSCRIPTS 
1 = entering condition s = surface condition 
2 = leaving condition w = moisture condition 
r = room condition f = refrigerant condition 
APPENDIX I 


DERIVATION OF SENSIBLE Heat, Latent Heat, Totat Heat 
AND SENSIBLE HEAT FAcTOoR 


The enthalpy of moist air, h, may be expressed within the limits of 32 to 100 F 
with an accuracy of 0.10 percent by the equation: 


h = (0.2402 + 0.44W)t+ 1061W .......... (4) 


In a process involving the removal of heat and moisture from air, the heat removed 
per unit weight of dry air is equal to the difference of the enthalpies corresponding 
to the entering and leaving conditions of the air minus the enthalpy of liquid water 
condensed from a unit weight of dry air. For processes above 32 F, this heat 
difference may be expressed as: 


Substituting Equation 4 in Equation 5 and re-arranging: 


Cr (0.2402 + 0.4413) + (1093 te (Wi Wa)... ) 

It is possible to simplify Equation 6 by assuming certain specific values for some 
of the terms of second order value. Substitute representative values for these second 
order terms as follows: 


We. = 0.0087 lb moisture per pound of dry air (5314 F dew point) 
t; = 80 Fahrenheit 
twe = 52 Fahrenheit 


then 


Cr = 0.244 — te) + 1076 (Wi — Ws) 


If other values of Wo, t; and tye are substituted in Equation 6 and compared with 
Equation 7, then Equation 7 can be used in solving the normal problem of cooling 
and removing moisture from room air for comfort conditioning purposes, with an 
error varying from 0 to ™% percent; whereas the same equation can be used for 
determining the removal of heat and moisture from outside air with an error of % 
to 1 percent. 

The first term on the right side of Equation 7 may be described as the sensible 
heat, either based on a unit weight or on the pounds per hour of air used in the 
process, as in Equation 8. Or it may be expressed in terms of the volume of standard 
air in cubic feet per minute as in Equation 8a: 
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Note that the specific volume of standard air (0.075 pounds per cubic foot) must 
be multiplied by the volume ratio of dry to moist air at the assumed condition 


(:- 0.0087 = 0.986 to get the specific volume of dry air at standard conditions. 


Similarly, the second term of Equation 7 may be described as latent heat and may 
be expressed either in terms of unit-weight or of pounds of air per hour as in Equa- 
tion .9, and may also be expressed in terms of standard air (cfm) as in Equation 9a- 


Note that the multiplying factors in Equations 8a and 9a are those used in connec- 
tion with the air conditioning estimate for sensible heat and latent heat respectively ; 
also, that the second bracketed term of Equation 9a includes the conversion factor 
from pounds to grains. If W were in grains per pound, the 7000 would be cancelled 
out. Qzr, the total heat, may then be expressed as the sum of the sensible and 
latent heat: 


While the terms sensible, latent, and total heat do not have an absolute physical 
significance, they are, in practice, very significant to the air conditioning engineer, 
and their use greatly simplifies the mechanics of load computation. 

Sensible Heat Factor is defined as the ratio of the sensible to the total heat: 


By substituting Equations 8 and 9 in Equation 11, Sensible Heat Factor may be 
expressed in terms of temperature difference and humidity ratio difference: 


0.244 (4, — tr) (12) 


This expression can be simplified further to show the humidity ratio difference to the 
temperature difference as a simple ratio: 


1 
1 + 4400 ~—— 
(4 — &) 
Equation 12a provides the information necessary to plot the slope of the condi- 
tion line corresponding to any sensible heat factor on the psychrometric chart. Note 
that V in Equation 12a is in pounds per pound. 


(SHF) = 


(SHF) = 


APPENDIX II 
DERIVATION OF Bypass Factor 


The sensible cooling capacity Q, of a coil may be stated in terms of its surface, 
air film resistance, and log mean temperature difference as: 


Qs = — 


where t, is assumed to be constant. But Q, can also be expressed as: 


(4 — ts) — — bs) 
(= *) 
2 s 


Combining Equations 13 and 14 and simplifying: 


This may be converted from the log form to a power of e in terms of the Bypass 
Factor (BF): 


~ Gere ~ 60Vaecra 
th — ts 


Lewis5 has developed in approximate form the relationship of the heat transfer 
from air to surface and the corresponding mass transfer of moisture as: 


In a manner similar to Equation 13 for heat transfer, the mass transfer of moisture 
to the coil can be written: 


Wi — Ws 
W. — Ws 
where 
Ws is assumed constant 
likewise: 
M = G(Wi — W2) = 60 VaAe(Wi — Ws). (19) 
Combining Equations 17, 18 and 19 and recasting as in Equations 15 and 16: 
Ss Ss 


W, — Ws 


In the given equations ft, and JV’, were assumed constant but Equations 13 and 


14 can also be written: 
2 2 
1 1 


where values of (t—?ts) are the actual values of air to surface temperature difference 
through the coil as shown in Fig. 5. From Equations 13 and 21 the mean tempera- 
ture difference is: 


— ls 
It is apparent that the left-hand term of Equation 22 is a particular form of the 
right-hand term in which ft, is given a value to satisfy Equation 13. Thus, the 
significance of t, or coil apparatus dew point is that it is the constant surface tem- 


perature necessary to produce the same results as were actually produced with the 
variable surface temperature. The same reasoning applies to the mass transfer of 
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moisture, and the constant surface condition can be considered the same for both heat 
and moisture transfer. 


DISCUSSION 


L. T. Avery, Cleveland, Ohio: I want to thank Mr. Ashley for this paper on 
applied air conditi-*.1;. ‘We have ad letters of criticism from our more erudite 
mem ers, that we nave too much practical applied science. In the same mail we get 
letters from others who say that the meetings are entirely too high-brow, too techni- 
cal, too philosophical; and thst we need inore applied science. So we mix up our 
meetings. This is a good paper for the applied science advocates. 

There are thie» points I would like to emphasize because Mr. Ashley has brought 
them out. We still sin in the respect of neglecting to bring in outside air through 
the apparatus. In spite of the fact this requirement has been known and practiced 
for 15 years, we stiii find ‘i ousands of dollars spent on apparatus which cannot 
possibly do the job because o ‘his one design feature. 


The depth of the «> bus ‘zen overemphasized to get additional cooling. In the 
old days, we thougk ters of getting complete saturation in order to simulate the 
washer. The clean of  e coil is an important problem. The greater the depth 


of that coil, the more difficult the problem of cleaning. Therefore, you strike a com- 
promise in order to have a practical coil that cam be cleaned. The design guarantee 
that Mr. Ashley mentioned so lightly will lead you astray. The old design of 80 deg 

_ and 50 percent relative humidity or 74 effective, we find entirely too high, and systems 
are now designed for 71 deg effective. They must he carried at 76 to 77 dry-bulb and 
45 to 50 percent relative bumidity, if you wish to do a satisfactory job. So we have 
at least three features of applied science that should help those of you who are new 
in this business. These should also help those of us who are more experienced, but 
who have beer careless. 


P. R. AcHznsacu, Washington, D. C.: I have two questions regarding the figures 
in this paper. One is whether the bypass factor of the specific coil is a function of the 
coil only, or if it is not also a function of the sensible heat appearing in the room? 
I believe, as he defined his term bypass factor, it implied that it was a function only 
of the coil. 

Secondly, referring to Fig. 7, in which a graphic method for determining the effect 
of outdoor air was used, I question whether that method provides a means for pre- 
selecting the difference between the supply air temperature and the room dry bulb 
that you wish to maintain. 


L. G. Seicet, Cleveland, Ohio: Mr. Ashley is to be complimented upon presenting 
methods of solution of so important a problem. I would like to raise one point. 
Inasmuch as the method of solution proposed seems to depend primarily upon the 
knowledge of the apparatus dew point, which is determined by the intersection of 
the load-ratio line with the saturation curve, I would like to ask whether problems 
without such intersection can be solved by the method proposed by Mr. Ashley? 


F. Epwarp Ince, St. Louis, Mo.: Mr. Ashley, in Fig. 4 you show the coil perform- 
ance line as being a curved line intersecting the room performance line. We know 
that to be a fact from test data. However, the extreme bending of this line is a 
function of refrigerant temperature as well as the loading of the coil. Since the 
intersection point would be a function of the bypass, I feel that this point would 
be a little elusive to locate. True enough, we should recognize this bypass if it actually 
occurs. However, assuming that the mixed air leaving a coil is at given dry bulb 
and wet bulb temperatures, why is it that we cannot design our supply air require- 
ments based on these figures? Why add the bypassed air load to the space? 
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The subject of bypassing outside air should be investigated further, since many 
authorities advise against this practice. While this remark does not pertain to this 
paper, it should be pointed out that in many present day applications recirculated and 
fresh air mixtures are bypassed. 


S. P. GorrHe, Gainesville, Fla. (Written) : The method presented by Mr. Ashley 
is rational and the comprehensive discussion of Fig. 7 illustrates pseudo room apparatus 
dew point. There are, however, a few comments which this writer thinks might be 
of interest to the readers of Mr. Ashley’s paper. 

1. It has been the writer’s experience that the air leaving spray type dehumidifier 
(commercially manufactured units) is never saturated, but always has a bypass factor. 

2. According to many manufacturers’ performance data, the line CDB of Fig. 4 is 
a straight process line, providing the initial surface of the evaporator is wet. This 
condition generally exists provided reasonable face velocity and refrigerant evaporator 
temperature are used. 

3. In Equation 3, the definition of term Qs is incomplete. When this equation is 
used as written, Q. is used to denote the total sensible heat as shown in the glossary 
of terms T; (room dry bulb temperature), Equation 4 must be replaced by the dry 
bulb temperature of the air mixture entering the evaporator. 

4. It is the writer’s opinion, which is evidently shared by the authors of Systems 
2, 3, 4 and 5 as shown in Table 2, that the bypass concepts as explained in Paragraph . 
0, page 000, is not an exact statement of fact, but rather a concept of utility. It 
is this writer’s contention that the room heat gain is independent of the evaporator 
depth. The heat quantities shown for infiltration should be included not as part of 
the heat gain, but rather as a portion of the outside-air heat gain, unless Mr. Ashley’s 
method of evaporator selection is used. Further, it should be noted that the true 
cycle of the air conditioning system is Triangle DBC of Fig. 7. 

5. The inclusion of the bypass concept in the heat gain estimate automatically fixes 
the number of rows of evaporator depth, leaving, as variables for evaporator selec- 
tion, the refrigerant evaporating temperatures and the face area. Usually the 
refrigerant evaporator temperature range is limited due to economic considerations ; 
therefore, the only convenient variable remaining is the evaporator face area. This 
writer prefers to select a reasonable leaving air condition from the evaporator, and 
thereby have more latitude and selection of the evaporator, that is, varying the num- 
ber of rows of depth and the face area without necessity of adjusting the heat gain 
estimate. 


AutTHor’s CLosureE: With respect to the points raised by Mr. Achenbach, the 
bending of the condition line, Fig. 4, is shown somewhat extreme for the purpose of 
illustration. The condition line with constant refrigerant temperature is usually bent 
less than is shown. The pre-selection of the difference between the supply air tem- 
perature and the room dry bulb is shown in Table 2 as Selection System 3 which 
is possible but not recommended because of its greater complexity. In the practical 
application of the recommended method (i.e., pre-selecting the coil depth), it is 
possible to make a reasonable approximation of any desired supply-air to room tem- 
perature difference after having developed a little experience in the use of the method. 

With respect to the question raised by Mr. Seigel concerning a case where the 
extension of the line between the entering and leaving conditions does not intersect 
the saturation line—if such a condition exists, it represents a deviation from the 
Lewis Equation. While such a deviation is recognized as possible, the Lewis Equa- 
tion represents a more conservative expression of the coil performance and is, there- 
fore, recommended for use until such time as a rational alternative relationship is 
available. In either case, it is possible to use the bypass method since, if the mass 
transfer is not proportional to the heat transfer, a different bypass factor can be 
used for moisture and heat removal. 
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With reference to the comments of Mr. Ince, the bypass is not at all illusive, but 
is very tangible and can be evaluated as shown in the paper. On a shallow coil, a 
considerable error can be made in the room conditions if the outside air, which is 
bypassed through the coil, is neglected. 

With respect to Prof. Goethe’s comments: 

It is true that some of the shorter spray dehumidifiers used today do not fully 
saturate the air. Where this is the case, essentially the same problem exists as with 
surface type dehumidifiers. 

The condition line of Fig. 4 cannot be a straight line except where the surface 
temperature of the coil is constant with depth. This almost never occurs on extended 
surface dehumidifiers. 

There is some possibility of confusion with respect to Equation 3 which would be 
eliminated by the use of t; instead of ¢, thus making it clear that the calculation 
of load pertains to the coil rather than to the room. 

Systems 2, 3, 4 and 5 were chosen as representing preferred alternate choices and 
not as actual alternate systems in commercial use, although it is possible that some 
of them may be. As shown in the paper, within the limits of the assumptions made, 
the bypass concept is an exact statement of fact; however, the problem of the room 
load may be approached from several different points of view as shown in the alter- 
nate systems. Implicit in all of them, however, is the fundamental bypass concept. 
Whether the bypassed outside air should properly be included as a part of the room 
or outside air load depends entirely upon whether systems 1 or systems 2, 3, 4, or 5 
are used. 

If, as the discusser points out, he assumes a leaving air condition from the 
evaporator and varies the number of rows of coil depth, the result will be to vary 
the effective apparatus dew point and thus the room relative humidity and the latent 
heat load on the system. Where specific guarantees are to be met, this is an unde- 
sirable procedure. Actually, if it is desired to make a second assumption as to the 
depth of the coil with the proposed method of estimating, this can be done with a 
relatively small amount of change in the estimate. In practice, it is seldom necessary 
because the type of job and the available coil sizes and depths help to guide the correct 
initial choice. 


| 
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No. 1355 


ARE AUTOMATIC AIR SHUTTERS JUSTIFIED ON 
A GAS-FIRED CONVERSION BURNER? 


By WituraM M. Myter, Jr.* anp HarLtan W. Ne son,** Co_tumrus, 


ence the earliest days of gas-fired conversion equipment, burners have been 
offered to the public both with and without automatic air shutters which 
were designed to close off the flow of air for combustion during the period 
when the burner was not in operation. Whether these automatically controlled 
shutters izicreased operating efficiency, and thereby decreased operating costs, 
has been argued pro and con for years. Although from time to time tests have 
been run trying to determine the facts about the control of off-period air, a 
search of the literature revealed no reports of comprehensive and authoritative 
tests. 

This investigation, therefore, was conducted for the purpose of obtaining data 
from which the value of automatic air shutters might be determined. 


PROBLEMS OF SHUTTER DESIGN 


At first thought, it seems like a very simple matter to provide a small door 
or shutter which opens and closes each time the gas valve opens and closes on 
a conversion burner. Experience has proved otherwise. It should be clearly 
understood that a closure which would have zero air leakage is not being 
considered. 

The power available for operating such a door is small. It is usually supplied 
by a valve arm extending from an electrically operated valve, or from a small 
gas-actuated diaphragm. Such a system must operate reliably down to the 
minimum gas pressure at which the burner will function satisfactorily. The 
system consisting of the door and its linkage mechanism, must be so reliable 
that it will operate throughout the life of the appliance which may be as much 
as 20 years. The cycles of operation during that period may number a total of 
several hundred thousand. 

The system must be rugged enough to withstand rough handling by installa- 
tion and service men. It must be simple to adjust and must positively maintain 
that adjustment. The linkage mechanism must be so designed that, if it breaks 


* Chief Engineer, Janitrol Division, Surface Coinbustion Corp. Member of A.S.H.V.E. 

** Supervisor, Battelle Memorial Institute. 

Presented at the 55th Annual Meeting of THe American Society or HeaTiNG AND VENTILATING 
Enorneers, Chicago, Ill., January, 1949. 
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or becomes disconnected, the door will fall open. Conversely, if the door gets 
jammed open and cannot close, the valve must still be able to close properly. 
If the damper remains closed for any reason, the gas valve must be prevented 
from opening. Last, but not least, it must be inexpensive to manufacture. 


GENERAL PLAN oF TESTS 


For test purposes, a conversion burner was installed in a hot water boiler 
of the wet-base type. The boiler had a required input of approximately 140,000 
Btu per hr. The burner was fired intermittently or continuously in a program 
involving several variables. The variables were (1) the length of the operating 
cycle, (2) the percentage of on operation within each cycle, and (3) the position 
of the air shutter during off-periods, whether open or closed. In addition to 
the intermittent runs, several continuous runs were made with the excess air 
maintained at different percentages. This was achieved by opening the air 
shutter to different percentages. 

The A.G.A. method of determination of hot-water boiler efficiency could not 
be used on these tests. In the 4.G,A. method, water is introduced into the boiler 
at room temperature and the rate of flow through the boiler is adjusted to 
produce a 180 F outlet water temperature. The output water is weighed. This 
test condition is not comparable to a normal operating condition of a hot-water 
boiler. In the A.G.A. method, the cold water addition during the off-period 
on a cycling test would materially affect the flow of air through the boiler by 
reducing boiler temperature too rapidly. 

For this reason, it was decided to set up the boiler as a gravity circulating 
system. The boiler was connected to a copper tube heat exchanger located at a 
height above the boiler simulating the height of first-floor radiation above a’ 
boiler installed in a basement. Heat was dissipated from the exchanger by 
cooling water circulated through it by a small pump. The system was so 
adjusted that when the boiler was being fired continuously at rating (140,000 
Btu per hr), the outlet water temperature was about 190 F and the return 
temperature 160 F. By maintaining the same rate of cooling water flow for 
intermittent tests as that established for continuous operation, a condition was 
obtained comparable to that in a residence. 

In determining the test procedures to be followed, it was recognized that 
quite accurate measurements of the several factors involved in the tests would 
be required because it seemed probable that the magnitude of the variation in 
efficiency to be obtained would not be very large. 


CoNncLusIONS FROM TEsT DATA 


The conclusions to be drawn from the data presented in this report can be 
summarized as follows: 


1. The relationship between the off-period air loss with open or closed shutters, and 
the percentage of on-period time during cyclic operation, has been successfully estab- 
lished by direct measurement of the rate of flow and rise in temperature of the air 
passing through the boiler during off-periods. 

2. The loss in sensible heat of the off-period air was found to decrease gradually 
as the percentage of on time within the cycle was increased. The loss at 20 percent 
on operation, expressed as percentage of total heat input, averaged 4.4 percent with 
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the air shutters open and decreased to 1.8 percent with the shutters closed, a difference 
of 2.6 percent. At 663% percent on time, the losses with the air shutters open and 
closed were 1.3 and 0.7 percent, respectively, a difference of 0.6 percent. 

3. The ability to determine the effect of the position of the air shutters on the 
overall boiler efficiency was found to be limited by the precision with which results 
could be duplicated for comparable tests. Excepting in results from one test, the boiler 
efficiencies for successive tests under identical conditions deviated from the average 
for each series by amounts ranging from +0.3 percent to +0.9 percent. 

4. The overall boiler efficiency, expressed as percentage of heat input, was found, 
as expected, to increase as the percentage of on time was increased. Except for tests 
with 50 percent on time, the magnitude of the difference between the boiler efficiencies 
with the air shutters open and with them closed decreased as the percentage of time 
on became greater. The results for the closed shutter tests with 50 percent on time 
are out of line with those of all other tests. Examination of the data for these tests, 
and comparison with results from other tests have not revealed the cause for the 
discordant results. 

5. Disregarding the results of the tests at 50 percent on time, which (as pointed 
out in conclusion 4) are out of line, there is excellent agreement between the average 
difference in thermal efficiency with air shutters open and closed during the off-period 
and the average difference in the heat loss of the off-period air with air shutters open 
and closed for the same series of tests as shown in the following table. 


PERCENTAGE PERCENT DIFFERENCE PERCENT DIFFERENCE 

On TIME IN THERMAL EFFICIENCY Off-PER1op Arr Loss 
20 2.2 2.6 
3314 1.4 1.5 
6624 0.3 0.6 


6. lf the differences in heat loss in the off-period air are weighted by the percent- 
age of on time, it is found that the savings in heat from use of shutters remain almost 
constant when referred to the rated input of the heater. Thus 2.6X0.20=0.52, and 
0.6 X 0.666=0.40. 


Significance of the Conclusions Based on the Data: Although the data pre- 
sented show that thermal efficiency is increased when off-period air is controlled 
by an automatic shutter, the more important consideration is the magnitude of 
the increase in efficiency. This efficiency is of concern primarily as it affects 
seasonal operating cost. 

Taking as a typical example a house in Columbus, Ohio, that could be heated 
with the conversion burner used in these tests, such a well built seven room 
house can be heated with natural gas for approximately $100 for the entire 
heating season. 

For the purpose of a sample calculation, let it be assumed that it costs exactly 
$100 to heat this house in a year when the degree-days are normal. In the 
last eight years, the degree-days in Columbus have varied from 89 percent 
to 107 percent of normal, which means that the operating costs for this house 
varied between $89 and $107. 

The heating value of the natural gas in Columbus varies as ; much as 5 percent, 
depending upon the source of supply. That accounts for another $5 variable 
in the annual operating cost. 

Legally, a gas meter is only required to be within 3 percent of accuracy, 
thereby introducing another possible $3 variation in the operating cost. 


. 
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Experience has shown that the average on time for a properly sized gas con- 
version burner installation will approximate 331 percent. The test data for 
33% percent on time show a gain of 1.4 percent due to the use of automatically 
closing air shutters. Since the efficiency at this point was 69% percent with 

1.4X100 


the shutters open, this 1.4 percent efficiency saving becomes os 


= 2 per- 


cent, or $2. 
These normal variables, which are beyond control and which affect seasonal 
operating costs, are much greater in magnitude than the possible saving due 
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Fic. 1. GENERAL ARRANGEMENT OF EQUIPMENT 


to control of off-period air. It is concluded, therefore, that it cannot be proved 
on an actual installation that such control has any value to a customer. 

Since it cannot be proved to a customer in his own home that the use of 
an automatic shutter will save him money, the logical conclusion is that it 
should be omitted, thus saving both the cost of the development and manufac- 
ture. Also, it can be pointed out to the customer that, since a mechanical gadget 
has been eliminated from the appliance, one possible source of operating trouble 
and service expense has been eliminated. 

The conclusions of this report are directly applicable only to conversion 
burners of the type used on these tests. These burners are of light weight con- 
struction, eliminating the large mass of cast iron or ceramic material character- 
istic of some of the conversion burners. On a continuous run, a burner having 
either a low mass or a high mass should give the same thermal efficiency. It 
is possible that a burner of heavy mass may show a greater loss due to lack 
of control of off-period air. 


ARE AuToMATIC AIR SHUTTERS JUSTIFIED, etc., BY MYLER AND NELSON 115 


Test APPARATUS 


Fig. 1 shows the general arrangement of the equipment used in this investi- 
gation. The inshot! type conversion burner was installed in the wet-base boiler. 
The heated water from the boiler circulates by gravity through the heat 
exchanger. The heat exchanger is cooled by water from a constant head supply 
tank located on the floor above. A small pump forces this cooling water through 
the heat exchanger at a constant rate. The flow of this water is measured by 
a displacement meter. 

By means of the weigh tank, the accuracy of the water meter was established 
at the beginning and the end of each test. For instantaneous control of the rate 
of flow, the mercury manometer M, was installed across a thin plate orifice in 
the water line. 

The thermocouples at T; and 7, installed in wells at the inlet and outlet con- 
nection of the heat exchanger measured the rise in temperature of the cooling 
water. The thermocouples at 7, and T, indicated the temperature of the circu- 
lating hot water at the boiler outlet and the boiler inlet, respectively. An expan- 
sion tank was connected to the boiler water system and was located on the 
floor above the laboratory. 

For increased accuracy in measurement of the relatively low temperature, 
thermocouple installations consisted of groups of seven copper-constantan 
couples connected in series. Each group was individually calibrated before use. 

Fuel gas was measured by the wet test meter, and temperature and pressure 
were recorded to permit correction of the volume to standard conditions. 

The flue gas temperature, 7;, was measured by two thermocouples placed in 
the flue immediately before the inlet to the drafthood. The smoke pipe was 
insulated with 2 in. of 85 percent magnesia from the boiler to the drafthood. 


To furnish a continuous record of the temperature indicated by the thermo- 
couple installations, a 12-point temperature recorder was employed to give a 
continuous record of all temperatures. This also furnished a means of determin- 
ing average temperature during intermittent operation. 

A plenum chamber was built to house that part of the gas burner outside of 
the boiler, so that the flow of air into the boiler during off-period could be 
determined. This chamber was connected to a fan by a duct in which was 
installed a thin-plate orifice. The flow of air was so adjusted during off-periods 
as to maintain atmospheric pressure in the plenum chamber. 


First SERIES OF TESTS 


Test Procedure: All tests were made at a rate of heat input slightly less than 
140,000 Btu per hr, the maximum input rating of the boiler. The neutral zone 
was kept at the same position in the furnace for all tests. Although the adjust- 
ment of the air shutters could be made to compensate for a change in position 
of the neutral zone, it was thought best to eliminate this possible variant. At 
the start of each test, after adjusting the rate of gas input to the burner, the 
excess air was adjusted to the preassigned value by adjustment of the air 


Pn Designates a burner from which the mixture of gas and air leaves the burner in a horizontal 
irection. 
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TaBLe 1. SumMary Data FoR CONTINUOUS AND INTERMITTENT TESTS— 


First Series (1945) 


Test No. 
ath 4th | | | 16th | 18th | 
ContTinvowus | 15-Minvte Crew 
Excess Air, 30 30 60 60 68 30 | 9 
100 100 100 100 100 80 
3. Air shutter position, off period Open | Closed 
5. Total time of test, hours................. 3.0 3.0 3.0 3.0 3.0 3.0 30 
Water 
6. Outlet temperature, F deg.............. - 160.6 160.3 157.4 153.0 148.2 131.9 132.7 
7. Inlet temperature, F deg................. 68.8 69.2 70.7 65.9 60.4 61.1 618 
8. Temperature difference, F deg............ 91.8 91.1 86.7 87.1 87.8 70.8 709 
9. Volume water metered, cuft.............. 50.63 50.77 50.38 51.29 50.73 49.89 50.29 
10. Weight of water, corrected, lb............. 3327 3336 3341 3322 3298 3273 3302 
11. . | 305,365 303,978 289,702 289,346 289,582 231,661 | 234,153 
AS 
12. Volume, metered, cu ft................... 407.2 408.7 408.8 413.4 418.2 326.9 326.3 
Oa 0.965 0.960 0.968 0.951 0.950 0.949 0.950 
14. Volume, corrected to S.C. cu ft............ 392.9 392.2 395.9 393.3 397.3 310.1 309.9 
15. Heating value, corrected, eee RS 1045 1045 1054 1049 1051 5 1054 
16. Total heat input, Btu...... corsas | ae 409,880 417,434 412,547 417,583 325,637 326,603 
Five Loss, on 
17. Average flue-gas temp, F deg............. 538 538 375 575 577 515 525 
18. Room temperature, 73.7 74.6 72.9 75.4 74.6 75.7 75.1 
19. foamy ys difference, F deg............ 464.3 463.4 502.1 499.6 502.4 439.3 449.9 
20. erage O2 content, percent.......... d 48 4.7 8.4 8.2 8.8 4.6 49 
21. Fe loss, a chart, POs 21.4 21.3 25.4 25.1 25.8 20.6 21.0 
IR 
22. Average flue temperature, F deg 282 
23. Room temperature, F deg.............. ; 75.7 
24. Ere rature difference, F deg............ 206.3 
25. otal 0 period time, hours............... 0.43 
26. ne differential across orifice, in. H2O... .. . 1.117 
27. Avg air flow into boiler, Ib/hr............. 92.5 
28. Loss for total off time, Btu............. 1951 | 
29. Off-period air loss, percent................ 06 | 
Summary, Heat Batance 
30. Boiler output, percent............... : 744 74.2 69.4 70.1 69.3 71A 71.7 
31. Flue Loss, on period, percent............. 214 21.3 25.4 25.1 25.8 20.6 21.0 
33. Radiation, etc. losses, percent............ 4.2 4.5 5.2 48 4.9 7 | @ 


shutters. The rate of flow of cooling water was adjusted and maintained at a 
selected value. The average of the calibration constants of the water meter 
obtained before and after the test was used in calculating the rate of flow of 
cooling water. 

For the continuous tests, a warm-up period of approximately two hours was 
required before equilibrium conditions were obtained. The continuous record 
of temperatures furnished by the temperature recorder gave visual indication 
when this was accomplished. 

Each test was started and stopped on the run. As all readings of the flow of 
gas, water and temperatures could not be made simultaneously, a time schedule 
was followed and each item was recorded at definite intervals. Continuous 
samples of the flue products were obtained and analyzed at half-hour intervals. 

Intermittent tests were run in much the same way as the continuous tests. 
A special timer was used which could be set to give a time cycle of the desired 
length, and which permitted variations in the percentage on time to be made 
as required. 
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TaBLe 1. SumMMarRY DaTA FOR CONTINUOUS AND INTERMITTENT TESTS— 
First Series (1945)—Continued 
NovEMBER OcroBEeR NOVEMBER | OcrosEer NOVEMBER 
wh 26th 26th | 25th tnd 22nd t9th =| 2th oth 24th 
= | 
15-Minute Crcie 30-Minvre Crcie 
30 30 30 20 30 30 30 30 30 30 
0 50 20 20 20 80 80 20 20 
Open Closed Open Closed Closed Open Closed Open Closed Closed 
2 20 15 12 7 4 10 
313 5.05 3.89 3.02 2.79 3.5 2.0 2.02 1.51 5.04 
43 95.2 80.9 77.0 80.4 135.2 135.8 77.0 80.8 69.7 
309 49.6 62.1 58.5 61.6 61.8 63.5 57.4 61.3 51.1 
434 45.6 18.8 18.5 18.8 73.4 72.3 19.6 19.5 18.6 
46.53 74.62 63.95 49.56 46.45 $7.72 33.63 31.66 24.50 75.11 
wo 5577 327 3142 2223 1673 5427 
| 254,255 81,597 61,618 58,979 | 282,917 | 160,590 43,005 | 32,693 101,004 
49 345.1 121.1 93.6 89.56 396.9 227.5 64.83 48.55 147.2 
0.954 0.983 0.951 0.949 0.934 0.950 0 0.965 0.949 0.974 
05.1 339.3 115.2 87.9 83.7 377.0 213.9 62.54 46.09 143.3 
11 1054 1054 1024 1035 1045 1037 
113,520 353,921 121,365 92,657 85,699 | 390,191 | 223,484 64,854 47,657 | 150,220 
3 482 443 425 | 420 535 524 455 470 435 
49 72.3 778 75 78.7 74 78 77 77 67 
8.1 409.7 365.2 350 341.6 459 446 378 393 368 
47 48 48 48 6.0 4.6 48 4.7 5 5.0 
199 20.0 18.9 18.4 18.8 21.1 20.9 19.1 19.7 19.0 
109.7 222 153.4 156.3 251 137 141 134 
49 72.3 778 78.7 74.4 77 71 67 
148 149.7 75.6 77.6 176.6 60 64 67 
1.59 2.49 3.08 2.2 0.64 1.59 1.20 4.0 
2065 0.384 0.481 0.116 0.832 1.76 0.383 0.229 
1307 56.6 63.8 30.3 81.8 119.2 56.0 43.7 
(667 5023 3536 1231 2200 2713 1023 2803 
ul 1.4 2.9 1.4 0.6 2.2 1.90 
99 71.8 67.2 66.5 68.8 72.5 71.9 66.3 68.6 67.2 
199 20.0 18.9 18.4 18.8 21.1 20.9 19.1 19.7 19.0 
il 1.4 2.9 14 0.6 Kt 4.2 2.2 1.9 
i 6.8 11.0 15.1 11.0 5.8 72 10.4 9.5 11.9 


For the intermittent tests, the meter readings for the gas and cooling water 
were made at the beginning of each cycle. Samples of the flue gas were taken 
only during the on period. 

During the period of each test, the heating value of the gas was determined 
in a Junkers-type gas calorimeter. These determinations were carefully made 
and checked, as a change in only a few Btu per cubic foot is directly reflected in 
the percentage values of the resulting heat balance. 

The temperature of the water leaving and returning to the boiler was of the 
order of 190 F and 160 F in the continuous tests. Thus, the conditions closely 
approximated those of a normal residential installation. 


Discuss10oN OF RESULTS OF First SERIES 


Table 1 presents the observed and calculated results of the first series of tests 
made in this investigation. A summary heat balance is shown for each test 
at the bottom of the column. 
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TaBLe 2. SUMMARY OF HEAT-BALANCE FOR INTERMITTENT TESTS 
(30 Percent Excess Air) 


Percentage of Heat Input—15-min cycle 


80 PERCENT on 50 PERCENT on 20 PERCENT on 
Shutters Shutters Shutters Shutters Shutters Shutters 
Open Closed Open Closed Open Closed 
peer 14 13 24 23 18 17 19 
Boiler Efficiency. . . 71.1 71.7 69.9 71.8 67.2 66.5 68.8 
Flue Loss on...... 20.6 21.0 19.9 20.0 18.9 18.4 18.8 
Flue Loss off...... 0.6 —— 3.1 1.4 2.9 — 14 
Radiation, etc 
losses by diff... . 7.7 7.3 7.1 6.8 11.0 15.1 11.0 
100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Percentage of Heat Input—30-min cycle 
16 15 21 20 22 
Boiler Efficiency. . . 72.5 71.9 66.3 68.6 67.2 
Flue Loss on...... 21.1 20.9 19.1 19.7 19.0 
Flue Loss off. ..... 0.6 4.2 22 1.9 
Radiation by diff... 5.8 7.2 10.4 95 11.9 
| 100.0 100.0 100.0 100.0 100.0 


At the start of the investigation, a schedule of 50 tests was prepared, which 
systematically considered the effect of progressive changes in each of the vari- 
able factors in relation to changes of one or more of the other. It was found, 
however, that the essential information was given by a considerably smaller 
number of tests and the schedule was accordingly curtailed. 

A heat balance, in which the heat in the flue gas is divided between the sensi- 
ble heat in the dry gas and the heat in the steam, could not be calculated, as 
an analysis of the natural gas was not made. Furthermore, the flue-gas tem- 
peratures obtained may not be exact. The primary purpose of the couples as 
installed was to obtain temperatures for comparison and control. Shielded or 
possibly high-velocity thermocouples might be necessary for exact measurements. 

Of the several items involved in the heat balance, the total heat input and 
the boiler output were determined directly. When determined, the off-period 
air loss likewise was found directly from observed data. The sensible heat loss 
of the wet products of combustion leaving the boiler was determined by use 
of a chart of flue losses for a natural gas of normal composition. It involved 
the temperature and oxygen content of the flue gas. The fiue losses determined 
in this way, although indirect and possibly not precise, are believed to give 
results of sufficient accuracy for purposes of relative comparison between tests. 
The radiation and unaccounted-for losses were determined by difference. 

Continuous Tests: Five continuous tests were made, each of three hours, 
duration. Of these, Tests Nos. 7 and 8 were made with 30 percent excess air, 
Tests Nos. 6 and 11 with 60 percent excess air, and Test No. 12 with 68 percent 
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excess air, which was the maximum obtainable with the shutters fully opened. 
The data and calculated results are shown in Table 1 under these test numbers. 

The effect of changing the percentage of excess air on the results of the 
continuous tests is shown in the summary heat-balance results in Table 1. As 
was to be expected, the boiler efficiency values decreased as the percentage of 
excess air was increased, and the flue losses increased. 

Intermittent Tests: Table 2 summarizes the heat ‘balances of the series of 
intermittent tests in which the effect of leaving the air shutters open or closed 
in the off-period was investigated for cycles of 15 and 30 min and for varying 
percentages of time om in each cycle. 

Effect of Open or Closed Shutters: With the exception of the tests at 80 per- 
cent on in the 30-min cycle where the efficiency was 0.6 percent higher with 
the shutters open than closed, and in one of the repeat tests with the shutters 
closed at 20 percent on in the 15-min cycle where the efficiency was 0.7 per- 
cent less than with the shutters open, the efficiency was definitely, though only 
slightly, higher when the shutters were closed in the off-period than when they 
were open. 

The loss in sensible heat in the air passing through, the boiler in the off-period 
was not measured in all tests with the shutters closed, but, in those pairs of 
tests where it was measured, the difference in the loss was nearly the same as 
the difference in efficiency. 

The reason for the small difference in the loss in the air flowing through 
the boiler in the off-period, whether the shutters were open or closed, can be 
seen by reference to the data in Table 1. Although the measured average rate 
of air flow through the boiler with the shutters open was about twice the flow 
with the shutters closed, the temperature of this air in the flue was so low 
for either condition that the total heat loss was small. Hence, the differences 
could not be large. 


EFFECT OF DESIGN OF BURNER 


Because the mass of material in the burner used in these tests was small, there 
was little heat stored in the burner at the end of an on period. With a different 
design of burner, as, for example, one with refractory radiants which are heated 
to a high temperature, it can be reasoned that the effect of open or closed 
shutters would be greater. 

Certainly the air entering the boiler in the off-period would be more highly 
heated. Because of the higher temperature, the rate of flow in the off-period 
would be higher than with the burner used in these tests, both with the shutters 
closed and open. But, if the rate of air flow through the unit with the shutters 
open were ayain twice that with them closed, and the loss were greater even 
with the shutters closed for the burner of larger mass, the net effect of closed 
or open shutters would be greater. 


SEcOND SERIES OF TESTS 


Twenty-four complete efficiency tests were run in this series. 

Test Apparatus and Procedure: The same general arrangement of the appa- 
ratus and equipment was used as in the earlier tests. Several minor changes in 
instrumentation were made in an effort to obtain more exact and reliable data. 
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TaBLe 3. SuMMARY Data FoR “a” AND “b” Tests (1946) 


| 
Mayr JUNE 
Test No. APRIL 26 Jury 15 | Aprin 29 Jour, 
| 
28 | 29 25 | 27 
15-Minute Crcie 
1. Excess air, 30 30 30 30 30 30 
20 20 20 20 20 20 20 
3. Air shutter position, off period. ......... . | Closed Closed Closed Closed Open Open Open Open 
4. Number of cycles............. ED Ee 18 18 14 14 17 18 16 16 
5. Total time of test, hours................. 4.6 4.6 3.5 3.6 4.3 4.6 4.0 1 
Cootine WaTER 
6. Outlet temperature, F deg................ 8.49 88.8 86.8 103.8 81.5 96.7 98.3 100.6 
7. Inlet temperature, F deg................. 65.7 68.5 67.2 83.2 62.9 76.9 79.0 84 
8. Temperature difference, F deg. , vad 19.2 20.3 19.6 20.6 18.6 19.8 19.3 19.2 
9. Volume water metered, cuft............. 76.9 78.5 60.4 67.1 72.2 79.7 70.1 724 
10. Weight of water, corrected, is cp sx oboe 5112 3925 4383 4725 5040 4453 4903 
11. output, 96,797 103,778 76,893 90,340 87,980 100,094 86,084 8,55 
12. Volume, metered, eu ft.................. 144.0 148.4 108.8 135.6 132.1 154.4 131.7 135.3 
13. Reduction factor. . iaabedaa 0.929 0.949 0.954 0.936 0.964 0.921 0.926 0.93 
14. Volume, corrected to 8.C., cuft........... 133.9 140.8 103.8 126.9 127.4 142.2 122.0 126.8 
15. Heating value, corrected, Btu/cu ft ee FO 1034 1028 999 1037 1013 996 95 
16. 135,753 145,448 106,644 126,677 131,972 143,924 121,386 126,08 
LUE 
17. Average flue-gas tem =p serene 446 448 444 465 441 458 456 457 
18. Room temperature, F deg................ 77.6 76.5 75.6 83.3 75.4 86.7 86.1 43.2 
19. Temperature difference, F deg. . .| 368.4 371.5 368.4 381.7 365.6 371.3 369.9 373.8 
20 Average O2 content, percent.............. 5.7 5.3 5.1 4.7 5.5 4.7 5.0 5.0 
21 —_ loss, or chart, percent............. 19.4 19.2 19.1 19.4 19.2 19.4 19.5 19.7 
IR 
22. Average flue temperature, F s. na anihaics 177 178 177 201 170 187 184 8 
23. Room temperature, F Se Bee oe 77.6 76.5 75.6 83.3 75.4 86.7 86.1 83.2 
24. Temperature difference, deg 99.4 101.5 101.4 117.7 94.6 100.3 97.9 
25. Total off-period time, hours............... 3.62 3.59 2.79 3.22 3.39 3.58 3.16 344 
26. Average differential across orifice, in. H2O. . 0.341 0.335 0.319 0.350 2.16 1.98 1.91 2.01 
27. Average air flow into boiler, Ib/hr......... 28.6 29.0 28.0 29.1 72.2 68.0 67.6 0.1 
28. Loss for total off time, Btu................ 2450 2520 1890 2614 5530 5800 4920 6650 
29. Off-period air loss, percent................ 1.8 1.7 1.8 2.0 4.2 4.0 4.0 53 
Summary, Hat Batance Ave 
30. Boiler output, percent.................... 71.3 71.4 721 71.3 71.5 66.7 69.5 70.9 70.2 
31. Flue loss, on period, percent.............. 19.4 19.2 19.1 19.4 19.3 19.2 19.4 19.5 19.7 
32. Air loss, off period, Amn SRE SEA? 1.8 1.7 1.8 2.0 18 4.2 4.0 4.0 53 
33. Radiation, etc., losses, percent............ 7.5 7.7 7.0 7.3 7.4 | 9.9 71 56 48 


For increased accuracy in measurement of the relatively small volume of air 
flowing through the boiler during the off-period, precision-type inclined micro- 
manometers of improved accuracy in reading and manipulation were substituted 
for those used during the original series of tests. In addition, a more sensi- 
tive zero gage for indicating maintenance of atmospheric pressure conditions 
within the plenum chamber was substituted for the gage formerly used. 


To give easier and more positive draft control, and to offset the effect of 
fluctuations of draft in the breeching duct, because of the load placed on it by 
other laboratory installations made since the original series of tests, a butterfly 
damper and barometric damper were inserted between the drafthood and breech- 
ing. A precision-type inclined micromanometer was utilized to determine the 
magnitude of draft conditions within the stack. 


To minimize the possibilities of error in measurement oi inlet and outlet 
cooling water temperatures, and thereby to give more accurate determinations 
of thermal output, a high sensitivity type portable precision potentiometer was 
used instead of the 12-point potentiometer recorder employed for the original tests. 
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TasBLe 3. SumMary Data For “a” AND “b” Tests (1946)—Continued 


"a 8a 2b | Ta 3b la 4b 7b 2a 
Jour 3 May 20 16 Mar 17 17 24 18 Auoust 9 25 
15-Minute Crcie 
x” 30 30 30 30 30 30 30 
334% 334% 3316 3314 50 50 50 
Closed Closed Open Open Closed Closed Closed Open 
16 16 16 16 16 17 14 12 16 
41 4.0 4.0 4.0 4.0 4.3 3.5 3.0 4.1 
100.6 98.8 113.7 99.2 113.1 110.7 129.5 123.2 108.3 
$4 68.7 82.5 68.6 81.5 66.4 82.8 80.3 64.9 
19.2 30.1 31.2 30.6 31.6 44.3 46.7 42.9 43.4 
724 66.7 67.7 67.3 69.8 72.8 57.9 51.9 69.22 
4389 4352 4430 4425 4682 3680 3276 4505 
88,554 132,665 135,873 135,424 139,880 207,418 171,667 140,556 195,526 
135.3 197.2 204.3 201.9 212.1 311.0 268.8 227.8 294.5 
0.937 0.928 0.934 0.942 0.925 0.935 0.916 0.911 0.928 
126.8 183.1 190.9 190.1 196.2 290.8 246.2 207.5 273.1 
995 1023 1000 1039 1014 1040 1026 1004 1021 
126,087 187,009 190,900 197,445 198,896 302,384 252,520 208,245 278,876. 
457 472 502 486 502 515 592 514 502 
83.2 81.3 83.5 77.1 86.1 78.6 88.4 87.1 79.2 
33.8 390.7 418.5 408.9 415.9 436.4 413.6 426.9 422.8 
5.0 4.9 5.5 5.5 4.6 5.5 5.0 5.3 5.7 
19.7 19.8 20.5 20.5 20.0 21.0 20.2 20.6 20.9 
ms 213 234 207 222 257 249 266 231 
83.2 81.3 83.5 771 86.1 78.6 88.4 87.1 79.2 
14.8 131.7 150.5 129.9 135.9 178.4 160.6 178.9 151.8 
ju 2.58 2.62 2.62 2. 1.70 1.50 2.01 
2.01 0.390 0.423 2.24 2.22 0.406 0.465 0.50 2.84 
9.1 8 32.3 73.6 72.0 31.3 33.2 34.0 81.5 
6650 2528 2991 5950 2771 2154 2172 5915 
5.3 14 1.6 3.0 3.0 1.0 0.9 1.0 21 
Ava Ava Ave Ava 
70.2 69.3 70.6 | 71.2 70.9 68.6 70.4 69.5 68.6 68.0 67.5 68.0 70.1 
19.7 19.5 19.8 | 20.5 20.1 20.5 20.0 20.2 21.0 20.2 20.6 20.6 20.9 
5.3 44 14 1.6 1.5 3.0 3.0 3.0 1.0 0.9 1.0 1.0 21 
- 48 6.8 8.2 6.7 7.5 7.9 6.6 7.3 94 10.9 10.9 10.4 6.9 


Special precautions were taken to maintain constant the rate of heat input, 
the percentage of excess air, the rate of flow of cooling water, and the time 
schedule for all readings. 


All tests were run on a 15-min cycle of operation, with 30 percent excess 
air, constant rates of heat input during on-periods, and constant flow of cooling 
water in the heat exchanger at all times. The percentage of on time within the 
operating cycle and the position of the air shutters during off-periods, whether 
open or closed, were varied as required by the schedule of tests. 


Determination of Heat Balance: No changes were made in the original method 
for determination of the thermal efficiency of the boiler or off-period air loss. 
The semi-calorimetric method previously described was used to determine the 
boiler efficiency. The actual off-period air loss, as sensible heat. was determined 
by measuring the rate of flow of air and its rise in temperature in passing 
through the boiler during the off-period. 


Schedule of Tests: For the determination of the overall boiler efficiency and 
off-period air losses during the performance of the original series of tests 
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“a” AND “b” Tests (1946)—Continued 


TABLE 3. SUMMARY DATA FOR 


12a Ila 13a | 14a Sa | 5b 6a 6b 
JUNE 
June 10 Mar 31 May 15 Juiy 23 Mar 16 Jury 24 
17 | 21 
15-Minvute Crcie 
30 30 30 30 30 30 30 30 
50 50 50 50 6624 24 6634 6634 
Open Open Open Open Closed Closed Open n 
~18 18 14 16 12 12* 12 12 
4.5 4.5 3.5 4.0 3.0 3.0 3.0 3.0 
119.7 115.1 122.6 118.6 124.7 140.3 125.9 142.0 
76.0 70.9 76.4 74.2 66.8 80.8 69.3 82.2 
43.7 44.2 ~ 46.2 44.4 57.9 59.5 56.6 59.8 
76.28 75.67 60.12 69.02 50.4 52.3 50.7 52.2 
4927 4908 3851 4446 3310 3313 3335 3297 
215,205 216,916 178,109 197,638 191,573 197,203 188,745 197,373 
327.9 327.3 266.2 298.7 285.0 299.1 291.0 299.8 
0.941 0.937 0.932 0.939 0.946 0.931 0.930 0.925 
308.5 306.5 248.2 280.6 269.6 278.5 270.5 277.4 
1003 1025 992 1016 1001 1003 1009 
310,626 307,396 254,324 278,375 273,905 278,759 271,253 279,848 
498 533 513 496 535 555 521 531 
82.1 78.7 82.3 80.3 77.0 82.6 79.9 85.0 
415.9 454.3 430.7 415.7 458.0 472.4 441.1 446.0 
5.1 5.1 5.1 5.2 5.6 5.4 5.6 5.2 
20.3 20.7 20.6 20.2 22.2 22.0 21.2 21.1 
237 231 242 232 306 320 281 283 
82.1 78.7 82.3 80.3 77.0 82.6 79.9 85.0 
154.9 152.3 159.7 151.7 29.0 237.4 1 198.0 
2.20 2.21 1.69 . 1.94 0.974 0.974 0.959 0.953 
2.56 2.53 2.84 2.41 0.455 0.540 2.66 2.89 
78.0 77.0 81.8 5.4 33.2 36.0 78.9 82.0 
6308 6160 5260 5240 1755 1980 3620 3670 
2.0 2.0 21 1.9 0.6 0.7 1. 1.3 
Ava Ave Ave 
69.3 70.6 70.0 71.0 70.2 69.9 70.7 70.3 69.6 70.5 70.0 
20.3 20.7 20.6 20.2 20.5 22.2 22.0 22.1 21.2 21.1 21.2 
2.0 2.0 21 1.9 2.0 0.6 0.7 0.7 1.3 1.3 1.3 
8.4 6.7 7.3 6.9 7.3 7.3 6.6 6.9 7.9 | 7.5 


* Equilibrium conditions maintained for 16 cycles—no data for 5 cycles. 


employing cyclic operation, tests had been run at 80, 50 and 20 percent on-period 


time. Duplicate tests had been run in only two instances. 

In order to establish more definitely the effect of decreasing percentages of 
on-period time, additional tests at 3346 and 66% percent om time also were 
planned for the second series of tests. Because a gas burner_is rarely operated 
on an 80 percent on time schedule, no additional tests of this percentage were 
scheduled. The tests originally planned for the second series were single tests 
of 667%, 50, 33% and 20 percent on time within 15-min schedules, with the air 
shutters open, and a similar series with them closed. 

Several inconsistencies were found in the results for these tests, and it was 
decided to make a series of duplicate tests in an effort to establish the repro- 
ducibility of the calculated results. Some of the tests were repeated a number 


of times. 
Discussion OF RESULTS OF SECOND SERIES 


Table 3 presents a summary of the observed and calculated data obtained 
in the second series of tests. For each test the data are divided horizontally 


— 

. 
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into six sections, each containing data relating to miscellaneous items, cooling 
water, gas, flue loss, air loss, and a summary heat balance. 

Effect of Open or Closed Shutters: Fig. 2 is a graphical representation of 
data from Table 3. The changes in boiler efficiency, flue loss, radiation loss and 
off-period air loss, expressed as percentage of total heat input, are shown in 
relation to percentages of on time. The plot was constructed using average 
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Fic. 2. EFFECT OF VARYING THE PER- 

CENTAGE OW TIME IN A 15-MIN CYCLE. 

BASED ON PERCENTAGE OF TOTAL HEAT 
INPUT 


values for each series of tests. Data from the first series of tests were used for 
80 and 100 percent on time. 

For tests performed with the shutters open, the increase in boiler efficiency 
with increase in percentage on time is small, but fairly regular. For the tests 
with the shutters closed, however, the average value for the tests at 50 percent 
on time is obviously out of line, as compared with the values for other series of 
tests. To check this value, three complete tests were made, with extreme care 
taken in flow measurement, time regulation, and recording of data. For these 
tests, the deviation of the thermal efficiency from the average was +0.5 percent. 

As the average percentage radiation loss for these same tests is out of line, 
practically to the same extent as the boiler efficiency, and since the radiation 
losses were obtained by difference, it must be concluded that, for some unex- 
plained reason, the boiler efficiencies are several percent too low. A careful 
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examination of the data furnished no explanation for the deviation shown in 
the plot. The tests were not run consecutively. 

If the value for the 50 percent on tests, shutters closed, is disregarded, the 
plots for percentage boiler efficiencies, Fig. 2, show the following trends: (1) 
the boiler efficiency increases slightly as the percentage on time is increased, 
(2) the increase is somewhat less than indicated by results of the single determi- 
nations shown in Table 1, and (3) the percentage boiler efficiencies for those 
tests with the shutters closed are slightly higher than comparable tests with 
the shutters open, but the differences are relatively small. 

The flue loss, expressed as a percentage of the total heat input, is shown in 
Fig. 2 to increase gradually, but to a very small extent, as the percentage of on 
time is increased. 
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Disregarding the value at 50 percent on time, with the air shutters closed, 
the radiation losses shown in the plot remain fairly constant over the range of 
percentage time on from 20 to 80 percent. 

Fig. 3 shows the off-period air loss, which decreases regularly as the per- 
centage of on time increases. It is evident that the direct determination of the 
off-period air loss by measuring the flow of air and its temperature in passing 
through the boiler, furnishes a reliable method for evaluation of the magnitude 
of the air loss, and for evaluation of the loss of heat energy occasioned by not 
closing the air shutters during off-period. 

The air losses determined by the direct method with the shutters open are 
about twice those with the shutters closed. The losses, however, are small for 
either condition. The results confirm the conclusion reached in the first series 
of tests. 

Table 4 shows a comparison of the magnitude of differences in percentage 
values for the off-perivd air loss for open and closed shutters, as determined 
by the direct method and by the difference in calculated boiler efficiencies. 
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The differences are shown for several percentages of on time. Because of 
the seeming abnormality of the determinations of boiler efficiency for 50 
percent on time operation with the shutters closed, no comparison is possible. 
However, for all other percentages of on time, the agreement between the 
two methods is good. 

The directly determined difference in sensible heat loss between that with 
shutters open and that with shutters closed remains rather constant over 
the range of percentage on times when referred to the rated input of the heater. 
For example, at 20 percent on time, the additional rate of loss is 2.60.20 = 0.52 
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Fic. 4. EFFrecT OF VARYING THE PER- 
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percent of rated input; at 6673 percent on time, the additional rate of loss is 
0.60.66 = 0.40 percent of rated input. Thus, over a range of partial loads, the 
savings in heat from the use of shutters are nearly constant and are small. 

Fig. 4 shows a plot of the change in boiler output, flue loss, radiation loss, 
and off-period air loss, in terms of Btu per hour, with changing percentages 
of on time. 


PossiBLE Errors 


Early in the investigation, it was recognized that quite accurate measure- 
ments of the several factors involved in the tests would be necessary. It was 
further recognized that cyclic operation would complicate the determination 
of mean values for these factors, and that small errors would be possible in 
the measurement of rate of flow, temperature, and time. Whether these errors 
would prove to be compensating or compounding would affect the numerical 
value for the boiler efficiencies obtained. 
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It was hoped that the results for tests under identical conditions could be 
duplicated within a maximum range of +0.5 percent. The results of these tests 
show that a more likely maximum range of reproducibility is of the order of 
+1.0 percent. For the tests performed in this investigation, the range of 
differences in boiler efficiencies for identical tests, expressed as maximum devia- 
tions from the average value, are shown in Table 5. ; 

Owing to the fact that differences between off-period air losses for « pen and 
closed shutters appear to be of the same order as the accuracy of the tests, 


TABLE 4. COMPARISON OF THE MAGNITUDE OF DIFFERENCES IN PERCENTAGE OF 
Off-Period A1r Loss For OPEN AND CLosepD Air SHUTTERS, AS DETERMINED 
BY Two MetHops AT SEVERAL PERCENTAGES OF On Time 


On Time, DIFFERENCE By DirEcT By DIFFERENCE IN BOILER 
PERCENT DETERMINATION, PERCENT EFFICIENCY, PERCENT 
20 2.6 2.2 
3314 1.5 1.4 
50 1.0 — 
6624 0.6 0.3 
TasLe 5. MaxiMuM DEVIATIONS OF CALCULATED PERCENTAGES OF BOILER 
EFFICIENCY, BASED ON AVERAGES FOR IDENTICAL TESTS 
TIME On, POSITION OF NUMBER OF DEVIATION FROM AVERAGE, 
PERCENT SHUTTERS TEsTs PERCENTAGE OF HEAT INPUT 
20 Closed 4 +0.6 
20 Open 4 + 2.68 
3314 Closed 2 +0.3 
3314 Open 2 +0.9 
50 Closed 3 +0.5 
50 5 +0.9 
6624 Closed 2 +0.4 
6624 Open 2 +0.5 


alf Test No. 4a is omitted, the deviation becomes +0.7 percent. 


comparison based on single tests cannot be made. However, averages of a num- 
ber of tests do give a fairly reliable indication of small differences, as the com- 
parison of data shown in Table 4 indicates. 

The small errors in the measurement of temperature differentials become 
increasingly significant as the temperature difference becomes smaller. To 
insure greater precision than was afforded by use of the temperature recorder, 
the temperatures of the inlet and outlet cooling water in the heat exchanger 
were determind by use of a manual precision potentiometer indicator. This pro- 
cedure was used for tests beginning with number 9a. 

To check reproducibility of results, a series of 4 tests was made at 20 per- 
cent om time and another series of 5 tests at 50 percent on time, all with air 
shutters open during off-periods. For these tests, results were computed on an 
hourly basis as well as for the total elapsed time. It was found that the agree- 
ment between these results calculated on an hourly basis was usually no better 
than that previously found for the agreement between individual tests. 


| ¥ 
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Two other possible sources of error were investigated, the automatic timer 
used for the cyclic operation and the water meter used to measure the flow of 
cooling water to the heat exchanger. The timer was found to be occasionally 
in error in timing of the on and off periods, although the error in each cycle 
was on the order of only 5 to 20 seconds. 

During the last two tests (6b and 7b), in addition to manually recording the 
temperature readings of the water entering and leaving the heat exchanger, the 
water flowing through the heat exchanger was weighed during alternate cycles, 
and the timer was operated manually. There was some improvement in the 
general agreement between hourly calculated efficiencies, but the efficiency values 
varied by as much as 0.8 percent. 

The calorific value of the natural gas showed considerable variation from day 
to day, particularly in the spring, early summer, and fall. Throughout the 
second series of tests, the lowest calorific value, 992 Btu per cu ft, was found 
on June 21, and the highest value, 1040 Btu per cu ft, was found on June 24. 

Because a change of only 10 Btu in the calorific value of the gas changes the 
calculated over-all boiler efficiency by about 0.6 percent, it was necessary to 
determine carefully the calorific value during the progress of each test. Dupli- 
cate determinations were made at least twice during the course of each test. 
It is not likely that the calorific value of the gas would change appreciably 
during the course of a 3- or 4-hr test. Changes usually occurred over a period 
of days, rather than hours. There has been some indications, however, that 
the calorific value has changed slightly during a test. 

It is probable that the differences in results shown by some tests were owing 
to the compounding instead of the compensation of errors, rather than from the 
inaccuracy of a single factor. 
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DISCUSSION 


Cart H. Fiink, New York, N. Y.: All gas appliances are equipped with a draft 
hood at the outlet of the appliance. This draft hood is so constructed that, if the 
outlet of that draft hood is blocked, the appliance will still operate because other 
openings permit the products of combustion to escape into the space surrounding the 
boiler. If a gas appliance were made air-tight at the bottom and this air shutter 
described by Mr. Myler were able to close off the air completely at the bottom of 
that appliance, obviously no air could enter at the bottom of the boiler or furnace 
when the gas valve is closed. However, since the boiler or furnace is warmer than 
the air of the space surrounding the appliance, it is obvious that any air in the flues 
which is warmer than the basement would pass up through the boiler and escape 
into the basement, while cold air would enter through the draft hood to replace it. 
That would act, I think, to further reduce any saving that might be made by the 
use of air shutters at the bottom of the appliance. 


R. K. Tuutman, Washington, D. C.: I would like to ask if the effectiveness of 
the air shutter might not be increased in the case of a boiler other than of the wet 
base type; in other words, with a large mass of material at a higher temperature 
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at the inner surface of the boiler; and second, what effect there might be under 
different kinds of temperatures, particularly with reference to the mass involved in 
the temperature. 


W. J. Wartcuter, Cleveland, Ohio: Why was the wet-base boiler and an inshot 
burner chosen at the place where the work was done? 


AvutuHors’ Ciosure: Mr. Flink’s discussion raised a question which is covered in 
the written paper and which I should have stressed in this presentation. In the design 
of this automatic air shutter, it is not the intention to design a shutter mechanism 
which would give absolute air closure. Such a thing is neither practicable nor desir- 
able. Air for combustion must be provided for the constant burning pilot. The data 
show that the off-period air flow through the boiler with the air shutter closed is 
about half that with the air shutter opened. I believe this is fairly typical of the 
effect of an automatic air shutter on most conversion burners that have been so 
equipped. 

Replying to Mr. Thulman, we did not feel that the choice of the type of boiler 
particularly entered into the results. Whether the boiler was a wet-base or a dry-base 
would not have made any particular difference in the temperature of the material 
inside the boiler. The design of the burner, as to whether it was a light weight 
sheet metal or a heavy cast iron one with a refractory or other type radiance, may 
have an effect. As we pointed out, these results apply only to a light weight type 
of burner which is the type most commonly built today. 

Replying to Mr. Watchler, we used a wet-base boiler because it was representative 
of many new installations today and because one was conveniently available. The 
inshot burner was used because it was designed specifically for wet-base boilers. 
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PERFORMANCE OF FOURTEEN MASONRY 
CHIMNEYS UNDER STEADY STATE CONDITIONS 


By Paut R. ACHENBACH* AND SELDEN D. CoLe,** WasuinctTon, D.C. 


INTRODUCTION 


CHIMNEY has two characteristics of prime importance, aside from con- 

siderations of cost and appearance, namely, the magnitude of the draft it 
will produce and its ability to convey gases at high temperature without igniting 
combustible materials in the structure of which it is a part. The National 
Board of Fire Underwriters has accepted chimneys made of solid brick, con- 
crete, solid-molded or solid-cast concrete chimney units, or burned clay, during 
the past several years for warm-air, hot-water, or low-pressure steam heating 
systems. Walls 8 in. thick are required if the chimney is unlined, and walls 
33% in. thick may be used if a suitable lining is provided. The drafts produced 
by lined brick chimneys of the cross-sectional areas and heights usually found 
in domestic use were determined at the National Bureau of Standards and are 
now published in THe Guipe of THE AMERICAN Society OF HEATING AND 
VENTILATING ENGINEERS. However, the construction of small dwellings on 
a mass production basis in recent years has created a demand for chimney 
materials that would be cheaper, more easily erected, lighter in weight, or 
for some other reason more advantageous to use than brick. 

When construction materials other than brick are used for a chimney, the 
question naturally arises whether such a chimney is the equivalent of a brick 
chimney as a draft producer and in fire-resistance properties. In order to pro- 
vide information on various types of chimney materials, 14 chimneys of equal 
height were constructed at the National Bureau of Standards, using brick, 
shale tile, and cinder concrete blocks with fire clay and metal liners. 


OF INVESTIGATION 


The objectives of the investigation were as follows: 


1. Measurement of the draft produced by chimneys made of the various materials 
under steady state conditions for a range of mass flows of the flue gases and for 
a range of temperatures. 


; et at. Heating and Air Conditioning Secticn, National Bureau of Standards. Member 
of A.S.H.V.E. 
** Mechanical Engineer, Heating and Air Conditioning Section, National Bureau of Standards. 
Presented at the 55th Annual Meeting of THe American Society of HeatinG AND VENTILATING 
Enoineers, Chicago, Ill., January 1949. 


129 


4 


130 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


2. Comparison of the draft produced by metal-lined chimneys and refractory-lined 
chimneys. 

3. Comparison of the performance of round and rectangular flue liners of equal cross- 
sectional area and of round and square flue liners of equal principal dimensions. 

4. Measurement of the effect on the draft produced when one of two contiguous 
liners in the same chimney carried hot gases while the other was open. 

5. Observation of the effect on the draft produced when the base of a chimney was 
sealed at the bottom of the thimble. 


6. Determination of the effect of grouting in the liner with mortar on the available 
draft. 


The fire-resistance properties of the same 14 chimneys and some additional 
specimens have been studied by the Fire Protection Section of the National 
Bureau of Standards and results on this phase of the investigation will be pub- 
lished by that Section in the near future. The performance of selected specimens 


TABLE 1. COMBUSTIBLE EQUIVALENTS OF FLUE-GAS FLOW RATES 


L CO: In FLUE Gas Gas FLow aT 
BY STANDARD CONDITIONS 
% 10 18.4 
% 8 22.5 
1 10 36.8 
1 8 45.0 
1% 10 55.2 
1% 8 67.5 


#70 F and 29.92 in. Hg. 


of this group of chimneys was also investigated under pick-up conditions using 
coal, oil, and gas in the attached heaters for several rates of flue-gas tempera- 
ture rise. These results will be analyzed in another report to be issued by the 
National Bureau of Standards. 

Tests were made of the several chimneys for entering fiue-gas temperatures 
of 200 F, 600 F, and 1000 F, and for gas-flow rates of 20, 45, and 70 cfm com- 
puted for a temperature of 70 F and a barometric pressure of 29.92 in. Hg. 
The equivalent mass-flow rates approximate those obtained when fuel oil is 
burned at rates of 4%, 1, and 1% gal per hr with 8 to 10 percent carbon dioxide 
in the flue gases as shown in Table 1. This range of conditions was con- 
sidered to cover the operating conditions likely to occur in domestic chimneys of 
the sizes used. The gas-flow rates used could readily be converted into equiva- 
lent coal consumption rates by applying suitable factors for the weight of air 
supplied per pound of coal burned. 

It was desirable to compare the performance of all the chimneys under 
identical atmospheric conditions. Since the tests could not all be made with 
the same outside temperature and barometric pressure, the observations were 
corrected for an Outdoor temperature of 32 F and a pressure of one standard 
atmosphere. The formula used for making these corrections was 
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where 
S; = computed static draft or theoretical draft under the conditions of the test. 
S2 = computed static draft under the standard conditions. 
O, = observed draft under the experimental conditions. 
O. = corrected draft that should have been observed under standard conditions. 


The relation in Equation 1 develops if the friction of a given chimney remains 
constant for the same mass flow and the same entering temperature at the 
experimental conditions and at the standard conditions. All tests were made 
at times when there was a negligible movement of air around the chimney. 


Fic. 1. TEST STRUCTURE AND CHIMNEYS 


The static draft or theoretical draft of a chimney was computed from the 
following expression 


_ dH (T, T:) 


5.27, 


. (2) 


where 
D = static draft, inches water gage (in. W.G.). 
d = mean density of atmospheric air at time of test, pounds per cubic foot. 
H = effective height of the chimney, feet. 
T; = mean temperature of gases in the chimney, Fahrenheit degrees absolute. 
T: = mean temperature of outdoor air, Fahrenheit degrees absolute. 


For the purpose of this computation, it was assumed that the flue gas had 
the same density as atmospheric air at the same temperature and pressure. 


DESCRIPTION OF CHIMNEYS 


Each of the 14 chimneys differed in some respect from the others as to the 
size, shape, or material of the flue liner; the treatment of the space between 
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liner and inside face of the masonry; or the material used in forming the 
masonry chimney wall. Each chimney was like the others in having about 
two thirds of its height inside a building and one third exposed above the roof. 


r. 


Fic. 2. ELEVATION OF TYPICAL CHIMNEY 


Each had a single thick wall of masonry laid up in a mortar of 1:1:5 mix of 
hydrated lime, cement, and sand, and each had a round metal or tile thimble. 
Fig. 1 shows the structure in which the tests were made and illustrates the 
chimneys protruding through the roof. The height of the several chimneys 
from the center of the thimble to the top ranged from 15.2 to 15.6 ft, except one 
of the two liners in chimney 3 and this was 16.2 ft in height. 
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The materials used in each chimney and the treatmert of the air space 
around the liner are described in following paragraphs. The flue liners have 
been designated by their nominal internal dimensions for ease in comparing the 
cross-sectional areas of the several specimens. 


Chimney 1. Common brick having 6 core holes, 11/16 in. diam, 7- by 11-in. fire 
clay flue liner surrounded by air space, 8 in.-diam metal thimble. 

Chimney 2. Common brick, 7- by 11-in. fire clay flue liner grouted in with mortar, 
8 in.-diam metal thimble. 

Chimney 3. Common brick, two 7- by 11-in. fire clay liners contiguous to each other 
and surrounded with an air space, and two 8 in.-diam fire clay thimbles on the same 
face of the chimney. This construction resulted in one flue being 16.2 ft high. 

Chimney 4. Common brick, 10 in.-diam fire clay flue liner surrounded by an air 
space, 8 in.-diam thimble of tile. 

Chimney 5. Shale multicored tile 354 in. by 4 in. by 12 in. in size, 7- by 11-in. 
fire clay liner surrounded by an air space, 8 in.-diam thimble of tile. 

Chimney 6. Fire clay multicored tile 4 in. by 5 in. by 12 in. in size, 7- by 11-in. 
fire clay tile liner surrounded by an air space, 8 in.-diam thimble of tile. 

Chimney 7. Shale partition tile having webs and shells approximately 9/16 in. 
thick, 7- by 11-in. fire clay tile liner with an air space, 8 in.-diam thimble of tile. 

Chimney 8. Common brick, 7 in.-diam fire clay liner with air space filled with 
expanded mineral matter insulation weighing about 3 lb per ft? for insulation, 7 in.- 
diam integral tile thimble. 

Chimney 9. Common brick, 7 in.-diam enameled steel flue liner with air space 
filled with expanded mineral matter insulation, 7 in.-diam integral enameled steel 
thimble. 

Chimney 10. Cinder concrete building block having two cells, 7- by 7-in. fire clay 
flue liner with an air space, 7 in.-diam thimble of tin. 

Chimney 11. Same as chimney 10 except that solid cinder concrete blocks were used. 

Chimney 12. Cinder concrete chimney unit. blocks 17 by 22 by 8 in., designed to be 
used with 7- by 1l-in. fire clay liner. Except for a spacing boss at the midlength of 
each side, the liner was spaced % in. from the interior of the unit. 

Chimney 13. Cinder concrete chimney unit blocks 16 by 16 by 8 in., 7- by 7-in. 
fire clay liner grouted in solid with mortar, 7 in.-diam thimble of tile. 

Chimney 14. Same as chimney 13 except that the liner was grouted only at the 
joints. 


An elevated view of a typical chimney is shown in Fig. 2. It will be noted 
in this figure that all but the top 5% ft of the chimney was surrounded by air 
at room temperature. Fig. 3 is a photograph of the lower parts of chimneys 
6, 7 and 12 showing the different materials of construction above the thimbles. 
The bases of the chimneys shown were not of the same materials as the portion 
above the thimbles. 


Test EQUIPMENT AND PROCEDURE 


The method used for the tests consisted of blowing air through a calibrated 
orifice, then over a gas burner into the chimney. The orifice was used for 
measuring the volume of air and the volume of gas used was measured with a 
dry gas meter. A small centrifugal blower was used to overcome the pressure 
drop of the orifice. The system was sealed against extraneous air leakage and 
the pipe was insulated with 4-in. rock-wool batts from the burner to the chimney 
to obtain nearly uniform flue-gas temperature across the pipe. A view of one 
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of the sets of equipment is shown in Fig. 4 in a typical position attached to 
chimney 6. As there were 7- and 8 in.-diam thimbles in the test chimneys, 
two duplicate sets of equipment were constructed, to permit simultaneous tests 
of two specimens. 

The heater consisted of a single gas burner built into a section of smokepipe 
with the burner exactly in the center of the pipe. The calibrated orifice plates 


Fic. 3. VIEW OF CHIMNEYS 6, 7 AND 12 SHOWING 
BASES, THIMBLES AND CONSTRUCTION ABOVE BASE 


were bolted between two pieces of flanged pipe so that the orifices could be 
exchanged without disturbing the remainder of the equipment. The pressure 
drop across the orifice was measured with an inclined draft gage graduated 
in thousandths inch water gage (W.G.). 

The draft tube entered the smokepipe 1 ft from the face of the chimney. The 
axis of the tube was normal to the flow of gases. The draft was observed on a 
calibrated inclined gage graduated in thousandths inch water gage (W.G.). All 
inclined gages were calibrated with a Wahlen differential manometer after 
rigid mounting on the brick wall of the building. 

Temperatures in the chimney and smokepipe were measured with unshielded 
thermocouples of chromel-alumel wire, and an automatic, indicating, electronic 
potentiometer which could easily be read to 1 deg. Thermocoupies were inserted 


— 
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through sleeves in the chimney and smokepipe to the center of the gas stream 
in the following stations: 


Station 1. In the smokepipe in a plane 1 ft from the chimney face, but at right 
angles to the draft tube. 

Station 2. In the chimney about 1 ft above the center of the thimble. 

Station 3. In the chimney midway between ceiling and roof. 

Station 4. In the chimney at the roof level. 

Station 5. In the chimney 6 in. below the top of the flue. 


Fic. 4. TEST EQUIPMENT ATTACHED 
TO CHIMNEY 


Thermocouples were also used to measure the outside air temperature and 
the ambient temperature inside the test structure. 

The chimneys were tested in pairs with the same mass flow of gases and 
the same flue-gas temperature being used in both. The inlet air and gas con- 
sumption rate was regulated until the desired flue-gas temperature and volume 
were obtained. These conditions were then maintained for a period of 6 hr, 
after which all observations were recorded at intervals of 15 min for a period 
of 1 hr. 


Test RESULTS 
Chimney Draft 
The principal data obtained on the 14 chimneys are summarized in Table 2. 


A plan view of each chimney is shown in Table 2 opposite the data obtained 
therefrom illustrating the materials and method of construction. This table 
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shows the temperatures observed at five stations in each chimney, the draft 
observed during the test, the corrected draft for an outdoor temperature of 32 F 
and a barometric pressure of 29.92 in. Hg, the indicated friction loss, and the 
chimney effectiveness for three entering flue-gas temperatures and three rates 
of flue-gas flow. An examination of Table 2 shows that the draft produced 
by the several chimneys under steady state conditions did not differ greatly 


TABLE 3. CLASSIFICATION OF CHIMNEYS AS TO MASONRY MATERIALS 


CHIMNEY 


CINDER- 
TILE CONCRETE 
BLock 


COMMON 
BRICK 


Specimen Specimen Specimen 


| | [ree 
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TABLE 4. CLASSIFICATION OF CHIMNEYS AS TO SIZE AND SHAPE OF LINER 


CHIMNEY 
RECTANGULAR RouUND RounpD SQUARE 
7 By 11 IN. DiaM 10 IN. D1aM 7 IN. 7 BY7 IN. 
AREA 77 AREA 78.5 AREA 38.5 AREA 49 
Sq IN. Se IN. Sq IN. Sq IN. 
Specimen Specimen Specimen Specimen 
1 8 10 
2 9 il 
3 — 13 
5 — 14 
6 
7 
12 


with the type of masonry material used, the type of liner used, or the treatment 
of the air space. However, specific pairs or groups of chimneys have been 
selected for comparison to show the magnitude of the differences observed. 

The 14 chimneys are classified in Table 3 as to the kind of masonry units 
used for the chimney wall, and in Table 4 as to the size and shape of the liner. 
If the performance of chimneys 1, 2, 5, 6, 7, and 12, using different masonry 
materials, but all having a 7- by 11-in. liner, is compared, it will be noted that 
the observed draft, when corrected to standard conditions, varied less than 0.01 
in. W.G. at all flue-gas temperatures and volumes with one exception for the 
six chimneys. The variation among the drafts produced by these six chimneys 
was 10 percent or less, except for the case of chimneys 1 and 12 when flue 
gases entered at a temperature of 200 F and a rate of 70 cfm. In this case, the 
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observed draft at standard conditions was 0.043 in. W.G. for chimney 1 and 
0.055 in. W.G. for chimney 12, a difference of 25 percent. 

The comparison of a metal lining of enameled steel and a refractory lining in 
otherwise similar chimneys is afforded by specimens 8 and 9. Table 2 shows 
that the performances of the two chimneys were nearly identical for gas flow 
rates of 45 and 70 cfm, but for a flow of 20 cfm the metal-lined chimney pro- 
duced slightly more draft at all three temperatures of the inlet gases. These two 
chimneys were tested simultaneously so that both were subjected to the same 
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atmospheric conditions during the tests. Table 2 also shows that the indicated 
friction losses in the two specimens were almost equal and that the chimney 
effectiveness varied slightly. 

The range of draft observed in the two chimneys with 7-in. round liners 
and the four chimneys with 7- by 7-in. square liners is shown on Figs. 5, 6, and 
7. In capacity, liners of these two shapes are sometimes considered to be com- 
parable. Fig. 5 shows that the chimneys with the round liners produced 
appreciably more draft than those with the square liners for a gas flow of 20 cfm. 
Fig. 6 shows that the performances of the two types of liners were approxi- 
mately equivalent for a gas flow of 45 cfm. Fig. 7 shows that the square liners 
were superior to the round liners for a gas flow of 70 cfm when the flue-gas 
temperature was 500 F or higher. This suggests that the two linings are not 
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equivalent except possibly for gas flows near 45 cfm, i.e., when 1 gal of fuel 
oil is burned per hour with 8 percent carbon dioxide. It further suggests that 
the insulation used around the two circular liners may have benefited these two 
chimneys for low rates of gas flow, but that the greater area of the square liner 
more than offset the effect of the insulation at rates of flow near 70 cfm. The 
available draft successively increased in the square liner as the gas flow was 
increased from 20 to 70 cfm, whereas it decreased in the round liners as the 
gas flow was increased from 45 to 70 cfm. 
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A similar comparison is made in Figs. 8, 9, and 10, between the one chimney 
having a 10-in. circular liner and the six chimneys having 7- by 11-in. rectangu- 
lar liners. Chimney 3 with two 7- by 11-in. liners is not included in this com- 
parison. The 10-in. circular liner and the 7- by 11-in. liners have practically 
the same internal cross-sectional area. It will be noted in Figs. 8, 9, and 10 
that the draft produced in the round liner was within the range of drafts 
observed in the six chimneys with rectangular liners for all conditions, except 
the highest entering flue-gas temperature plotted in Fig. 8. At entering flue-gas 
temperatures of 1000 F, the draft observed in the round liner was equal to, or 
exceeded, the highest value observed in the 7- by 11-in. liners. The available 
draft increased steadily with increased gas flow in the range from 20 to 
70 cim. 
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For the same conditions of gas flow and flue-gas temperature, the chimneys 
with 7- by 7-in. liners produced almost the same amount of available draft as 
those with 7- by 1l-in. liners in the range used for these tests. The data in 
Table 2 show that the average flue-gas temperature was somewhat higher in 
the 7- by 7-in. liners than for the larger liners with the same inlet conditions, 
but the loss of draft due to friction was also measurably greater in the 7-in. flue 
lining so that the available draft was nearly equal for the two sizes of chimney 
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liner. It is probable that at some flue-gas flow rate above 70 cfm the larger flue 
lining would provide appreciably more draft than the 7- by 7-in. flue liner. 
The results obtained on chimney 3 with two 7- by 11-in. clay tile liners for a 
flue gas rate of 45 cfm are plotted on Fig. 11. Tests were made with gases 
entering both thimbles in the same quantity and at the same temperature and 
also with hot gases entering only the upper thimble while the lower thimble and 
corresponding liner were left open. Fig. 11 shows that from 0.005 to 0.017 in. 
W.G. less draft was produced by the liner served by the upper thimble when 
the other liner was open than when both liners were carrying hot gases. This 
decrease in draft amounted to 10 to 15 percent of the total available draft. 
The back liner, served by the lower thimble, produced more draft than the 
other liner presumably because it was greater in length by 1 ft. A comparison 
of the drafts shown in Table 2 for chimneys 1, 2, 5, 6, 7, and 12 having single 7- 
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by 11-in. liners with the drafts shown on Fig. 11 for the front liner in chimney 
3, when both liners in that chimney were supplied with hot flue gases, shows that 
most of the other chimneys produced a little more draft than did the comparable 
liner in chimney 3. These differences ranged from 0.000 to 0.006 in. W.G. 
Chimney 1 was tested with the base of the chimney below the thimble sealed 
off and with the base open for comparison. A flue-gas rate of 70 cfm was used 
for these tests. The maximum difference in available draft observed for any 
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flue-gas temperature was 0.004 in. W.G. or about 3 percent. This variation was 
considered small and probably of the same order as the experimental error for 
the test method used. Openings in the masonry wall and lining of the chimney 
near the base with an area of one percent of the interior chimney area made no 
observable difference in the available draft produced by the chimney with the 
base open. Undoubtedly, large openings or cracks in the masonry and lining 
would lower the draft, and. in such cases sealing the base would improve the 
performance of an existing chimney. 

Comparisons of the performance of chimneys with the linings grouted in 
solid with those having only the liner joints grouted are provided by chimneys 
1 and 2 and chimneys 13 and 14. In each of these pairs, the chimneys were of 
identical construction and material, except for the treatment of the air space. 
A comparison of the data for chimneys 1 and 2 in Table 2 shows almost identi- 
cal performance. The maximum difference in draft for the two chimneys was 
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0.004 in. W.G. with a flue-gas volume of 20 cfm and an entering temperature 
of 600 F. 

The drafts observed in chimney 13 exceeded those in chimney 14 by amounts 
ranging from 0.002 in. to 0.005 in. W.G., for flue-gas temperatures from 600 F 
to 1000 F. This is the opposite effect from that expected if the open air space 
had any appreciable insulating effect. 

The data in Table 5, excerpted from Table 2, show that the average flue-gas 
temperature in chimney 13 with a grouted liner was higher than that in 
chimney 14 with an air space for entering temperatures of 600 F and 1000 F, 


TABLE 5. TEMPERATURES, DRAFT, AND FRICTION IN CHIMNEYS 13 AND 14 


AVERAGE FLUE-Gas 
AT INLET In. W.G. In. W.G. 
F 
CHIMNEY CHIMNEY CHIMNEYS CHIMNEY CHIMNEY 
13 14 13 and 14 13 14 
200 149 149 0.000 0.001 0.001 
601 368 359 + .002 .002 .003 
1000 574 552 + .003 .004 .005 
199 170 177 — .002 .006 .007 
601 457 446 + .002 .003 .006 
1000 727 714 + .002 .004 .007 
199 170 182 — .002 .004 .005 
601 490 490 .000 .004 .009 
1000 790 786 + .001 .006 O11 


but that the computed static drait corresponding to these temperatures did not 
differ by more than 0.003 in. W.G. for any test. 

Either of the following conditions might be the reason for the observed 
equivalence of similar chimneys with and without an air space. An open air 
space would permit leakage of cold air through the outside masonry if there 
were any cracks in it, or it would permit leakage of hot gases from the liner 
if there were any cracks in the liner or between joints. Either kind of leakage 
would obviate the insulating effect of the air space. The cinder-concrete blocks 
used in chimneys 13 and 14 appeared somewhat porous, hence, leakage through 
the walls themselves would also be expected in the chimney wiia an air space 
such as chimney 14. 

Chimney Temperatures: Table 2 shows that the average temperature of the 
gases in the chimneys increased as the mass flow increased. This result was to 
be expected since the heat loss of a given chimney would be approximately 
constant for a given entering flue-gas temperature and consequently a smaller 
temperature drop would occur with a greater mass flow. 

Table 2 also shows that in several of the chimneys, the observed flue-gas tem- 
perature at station 3, midway between the ceiling and roof, was as high as that 
at station 2, approximately 1 ft above the chimney inlet. This result is 
attributed to distortion of the gas stream at the chimney entrance caused by the 
change of direction and possibly by down-drafts. The temperatures were 
measured at the center of the flue-gas stream. It is probable that the maximum 
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temperatures did not always occur at the center of the stream near the chimney 
entrance. 

The data in Table 2 show that the average flue-gas temperature decreased in 
the following order for the liners: 7-in. round liner, 7- by 7-in. square liner, 
7- by 11-in. rectangular liner. There was no consistent difference between the 
average flue-gas temperatures in the 10-in. round liner and the several 7- by 
1l-in. liners. That is, the average temperatures observed in the round liner 
were within the range of average temperatures observed in the six 7- by 11-in. 
liners. Theoretically, it is to be expected that the heat loss of a chimney would 
be approximately proportional to the interior perimeter of the liner for chimneys 


TABLE 6. COMPARISON OF OBSERVED DRAFT AT STANDARD CONDITIONS FOR GROUP 
OF CHIMNEYS DESCRIBED IN THIS REPORT WITH TWO BRICK CHIMNEYS PRE- 
VIOUSLY TESTED 


Liner, 7 BY 7 IN. LINER, 7 BY 11 IN. 
Brick Brick Brick, SHALE-TILE, 
CHIMNEY CinpeR-CONCRETE INLET CHIMNEY AND CINDER-CONCRETE 
Fiue-G B Cc FLuE-G. 
In. W.G. in. W.G. IN. W.G. 
20 cfm 
250 0.053 0.044-.053 275 0.055 0.053-.057 
400 .072 .067-.075 —— 
600 .086 .093-—.096 600 .088 .087-.095 
1000 .119-.123 1000 .108 -112--.121 
70 cfm 
200 053 041-.051 200 | 043-.055 
400 079 .078-.087 — —— 
600 .103-.112 600 .102 .108-.113 
1000 .127 .133-.140 1000 | .131 .138-.144 


of similar wall thickness and similar materials. Except for the 10-in. round 
liner, the heat loss of the specimen chimneys conformed approximately to this 
pattern. 

The data reported in Table 2 for chimney 3, with two adjacent liners, were 
obtained with flue gases entering the front and shorter liner while the rear 
liner was open and not connected to a heating device. The average flue-gas 
temperature in chimney 3 under these conditions was 7 deg lower at chimney 
inlet temperatures of 200 F and 78 deg lower at chimney inlet temperatures of 
1000 F than the average in the other specimens with 7- by 11-in. liners. 

Chimney Effectiveness: The chimney effectiveness was computed for each 
chimney for each different test condition, as recorded in Table 2. The chimney 
effectiveness is defined as the ratio of the observed draft at standard conditions 
to the theoretical draft that the same chimney would produce at standard 
atmospheric conditions with the same inlet temperature if the flue gases did not 
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cool as they traversed the chimney. The tabulated results show that, in most 
instances, the effectiveness increased as the entering flue-gas temperature 
increased, and as the mass flow increased in the larger chimneys. In the 
chimneys with 7- by 11-in. liners, and 10 in.-diam liner, the effectiveness 
increased successively as the flow rate was increased from 20 cfm to 45 cfm 
and from 45 cfm to 70 cfm. In the chimneys with 7- by 7-in. liners, the effective- 
ness increased for rates of flow up to 45 cfm, but did not always increase 
further when a flow rate of 70 cfm was used. In both 7-in. round liners, the 
effectiveness was lower for a flow rate of 70 cfm than for either of the two 
lower flow rates. 


The effectiveness ranged from a low value of 65 percent to a high value of 
92 percent for the chimneys with 7- by 11-in. liners and for the one with a 
10-in. round liner; the minimum and maximum values of effectiveness were 56 
percent and 88 percent for the specimens with 7- by 7-in. liners; and the 
minimum and maximum values of effectiveness were 75 percent and 87 percent 
for the two chimneys with 7-in. round liners. 


The friction in a chimney reduces its effectiveness because it decreases the 
available draft at the chimney inlet. Table 2 shows that the friction was 
primarily responsible for the lower effectiveness of chimneys 8 and 9 when a 
flow rate of 70 cfm was used, whereas the cooling of the flue gases was the 
important factor in the larger chimneys. In chimneys 8 and 9, the indicated 
friction loss reached a maximum of 18 percent of the computed static draft at 
standard conditions for the highest flow rate. 

The friction was very small in the chimneys with 7- by 11-in. liners and with 
the 10 in.-diam liner at all of the rates of flue-gas flow used. In general, the 
friction loss in those chinineys was so small that the computations sometimes 
gave positive values and at other times negative values, indicating that the 
experimental errors of the tests were greater than the values sought. The 
indicated friction loss was always a positive value for the chimneys with the 
7-in.-diam liners and with the 7- by 7-in. square liners. 


Discussion AND CONCLUSIONS 


The results obtained on those chimneys with 7- by 7-in. square liners and 
7- by 11-in. rectangular liners were compared with results previously obtained 
at the National Bureau of Standards in tests on brick chimneys! with liners 
of these same two sizes, published in the 1948 issue of the HEATING, VENTI- 
LATING, AIR CONDITIONING GuipE. The comparison is shown in Table 6. It 
will be noted that the observed drafts at standard conditions in the two brick 
chimneys tested several years ago were in the range of drafts observed 
in the chimneys with the same size liner during the later tests for inlet flue-gas 
temperatures from 200 F to about 600 F. For inlet flue-gas temperatures above 
600 F the brick, shale-tile, and cinder-concrete block ae produced approxi- 
mately 6 percent more draft at the chimney inlet. 

The difference in the exposure of the two groups of chimneys may be the 
reason for the observed variation in performance. The later chimneys were 
exposed to the outside air for only about one-third of their height, as shown in 


1 Observed Performance of Some Experimental Chimneys, by R. S. Dill, P. R. Achenbach, and 
J. T. Duck (A.S.H.V.E. Transactions, Vol. 48, 1942, p. 351). 
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Fig. 2, whereas the two previous specimens were surrounded by outdoor air 
for their entire height. It was observed that the average flue-gas temperature 
in the later group of chimneys was higher than that in the chimneys previously 
tested for the same inlet flue-gas temperature. These observations show that 
the gases were cooled more while traversing the chimneys in the earlier tests 
than for the specimens now under consideration. 

The results of this series of tests on 14 chimneys of the same height, but 
with different masonry materials for the walls, different size and type of liners, 
and different treatments of the air space between the liner and the chimney 
wall, indicate the following conclusions regarding their performance under 
steady state conditions : 


1. Lined masonry chimneys built of shale-tile or cinder-concrete blocks are the 
equivalent of lined brick chimneys in draft-producing ability and effectiveness. 

2. A chimney with an enameled steel lining surrounded by 1 in. of granular 
insulating material produced slightly more draft than a refractory-lined chimney of the 
same internal diameter at low rates of gas flow (20 cfm) but no appreciable difference 
was apparent at higher gas-flow rates. The chimney friction was practically the same 
for the 7 in.-diam metal lining and the 7 in.-diam refractory lining when both were 
clean. 

3. A 7-in. round flue lining is not the equivalent of a 7- by 7-in. square lining in 
capacity. The available draft increased successively in the 7- by 7-in. liners as the 
gas-flow rate was increased from 20 to 70 cfm, whereas it increased slightly in the 
7-in. round liner for increasing flow from 20 to 45 cfm and decreased between 45 and 
70 cfm. The friction loss was measurably greater-in the 7-in round flue linings at a 
gas-flow rate of 70 cfm than in the square liners. 

4. A 10 in.-diam flue liner and a 7- by 11-in. rectangular liner having equal internal 
area produced about the same available draft, had about the same loss of draft due 
to friction, and had equal effectiveness under comparable conditions. 

5. In a chimney containing two contiguous liners, one liner operating alone while 
the other was open at the bottom produced from 10 to 15 percent less draft than a 
chimney containing only one liner of the same size. When both liners received flue 
gases at the same temperature each produced a draft nearly equal to that produced by 
a chimney with only one liner. 

6. Sealing off the air space in the base of a new well-constructed chimney at the 
bottom of the thimble had no important effect on the draft produced. 

7. Grouting in the liner of a masonry chimney with mortar did not decrease the 
average flue-gas temperature in the chimney or the available draft produced. 


These results were obtained for approximately steady state conditions under 
which the heat loss of the entire chimney determined the average flue-gas tem- 
perature in the chimney and hence the amount of available draft. Of equal 
importance is the ability of a chimney to develop a satisfactory draft quickly 
after hot gases initially enter the thimble, since the full-load heat output is 
desired from most domestic heating systems at the earliest possible moment 
after the heating plant is started. Under conditions of acceleration of draft, 
usually referred to as pickup conditions, the conductivity and heat capacity of 
the liner and the material in contact with it are of prime importance. It is quite 
possible that the specimen chimneys tested would exhibit a greater variation in 
performance under pickup conditions than under steady state conditions. 

Although information was obtained on the several specimens for only one 
chimney height, the results observed for chimneys made of shale-tile and 
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cinder-concrete block were so nearly equivalent to those obtained for brick 
chimneys that the results for brick chimneys may be safely used for all practical 
applications. 


DISCUSSION 


R. K. THutman, Washington, D. C. (Written): This paper is an important 
contribution to the understanding of the functions of chimneys and their importance 
to the proper performance of heating equipment. 

There is only one minor comment that I would like to make and that concerns 
the wording of Conclusion 3. From the standpoint of the home-buying public, the 
desirability of using a small flue of adequate capacity is apparent. Round flue linings, 
whether they be of tile or metal, are generally cheaper than square linings of 
approximately the same dimensions. Conclusion 3 compares the 7-in. round with the 
7-in. square, and my objection to the wording is the unqualified statement that they 
are not equivalent in capacity. The tests described in the paper, and particularly the 
graphical presentation of the comparison of these two flues in Figs. 5, 6 and 7, show 
that the two flues are equivalent in capacity and that the round flue is superior in 
performance in terms of draft production through all the ranges of temperature and 
flue-gas volume up to a flue-gas volume of 70 cfm and about 550 F flue-gas tempera- 
ture at the chimney inlet. It is only at capacities above this point that the performance 
of the round flue is not as good as that of the square. The occasions on which a 
chimney is required to produce a draft above 0.10 in. W.G. at temperatures above 
550 F and flue-gas volumes of 70 cfm are exceedingly rare, at least as far as domestic 
chimneys are concerned. 

It should also be noted that the areas of the two flues are not equal and that a 
comparison of round and square flues of equal area would show that the round flue 
is superior even at the higher flow rates. The comparison of the 10-in. round with 
the 7- by 1l-in. rectangular flues, the areas of which are about the same, and which 
you show in Figs. 8, 9 and 10, confirms this opinion. 

Many building codes specify minimum chimney sizes in terms of nominal dimensions. 
Often the minimum dimensions specified result in a flue area far larger than is 
necessary to carry off products of combustion of small house heating equipment. 
Codes of this sort are not only an obstacle to cost reduction in housing, but also 
stifle improvement in the performance of heating equipment possible with more effec- 
tive chimney construction. The present wording of Conclusion 3 might conceivably be 
used by a code-enforcing officer to: justify the continuance of antiquated dimensional 
expressions for minimum flue requirements. 

It would be far better to revise Conclusion 3 somewhat as follows: 


The 7-in. diameter round flue lining of 38.5-sq in. net area is the equivalent of a 
7- by 7-in. square flue lining of 49-sq in. net area (25 percent greater) for all flue 
rates and temperatures up to 70 cfm flow rate and 550 F inlet temperature. Even at 
this unusually high flow rate and high inlet temperature, the performance of the 7-in. 
round in terms of observed draft was only negligibly 12 percent less than that 
available in the larger 7-in. square flue. 


V. H. Hitt, Lansing, Mich. (WrittEN): This paper presents practical information 
helpful in design of combustion units which rely on chimney for venting. 

One interesting point is the comparison of the draft produced by the 15-ft chimney 
of this paper as compared to the 15-ft chimney of the previous paper?. This previous 
paper shows an available draft range of 0.054 at 400 F entering gas to 0.094 at 1000 F. 
The paper under discussion shows an available draft range of 0.068 at 400 F entering 


2 Observed Performance of Some Experimental Chimneys, by R. S. Dill, P. R. Achenbach and 
J. T. Duck (A.S.H.V.E. Transactions, Vol. 48, 1942, p. 351). 
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gas to 0.140 at 1000 F. The latter shows considerably higher drafts in spite of the 
cheaper chimneys used. 


H. M. Nosis, Cleveland, Ohio: I would like to see the chimney approach at an 
angle of 45 deg instead of at a 90-deg angle. That creates less friction, and, I think, 
provides the most benefit. 


W. A. Dantetson, Raleigh, Tenn.: The advantage of the metal liner, as I under- 
stand it, is for this modern plant with intermittent heating. Are data available that 
would clear up that point? 


D. H. Wyatt, Columbus, Ohio: I have heard nothing about transite flues for use 
in this high-temperature field. i wonder if the author could tell us if they have any 
material on that. 


B. P. Fisuer, Houston, Tex.: This discussion is mainly on flues for oil-burning 
equipment with liners and brick chimneys. In our area we deal mostly with gas. 
Our experience has shown that the aluminum liner and galvanized metal vent casing 
is most economical to install. It stands up well and gives good service. It should 
be installed according to the Underwriters’ requirements, spacing it 1 in. from wood 
or other combustible material, as recommended by the A.G.A. Laboratory for “B” 
type vents for gas-burning appliances only. 

One element many miss in venting gas is the very high dewpoint of the flue 
products. If you place your hand into the flue outlet of a furnace, the products of 
combustion will condense on your hand at body temperature. The dewpoint is about 
135 to 140 deg. If you try to vent a modern gas-fired furnace into an oversized brick 
flue, or a terra-cotta-lined flue, you will probably have a great deal of condensation 
at the beginning, because it is hard to preheat that cold flue or chimney. That is 
why the aluminum-lined flue does a better job of venting the products of combustion 
from gas. It heats quickly and allows that water vapor to be carried out, and 
consequently creates a draft. I have found that, in some cases where an oversized 
flue is used, it is beneficial to install an opening 12 to 14 in. below the furnace- 
vent connection to the flue. This opening should be equal in area to the difference in 
area between the furnace-vent collar and the inside lined area of the flue. This 
arrangement allows the cold air column to fall down and the light, warmer flue 
products, wet with water vapor, to be carried out. 

The venting of gas products of the modern gas-burning appliance is a study in 
itself. I would recommend to all a paper on Gas Appliance Venting by Arthur 
Theobald of the Payne Furnace Co. 


Mr. THULMAN: For the benefit of those who might conclude that this paper is a 
report of a complete investigation at the Bureau, it is actually only a part of what 
originally was planned as a comprehensive chimney research program. Reference was 
made in the paper to the previous tests which were run in 1942 and the data resulting 
from those tests are now in Tue Guipe. Prior to publication of these data in THE 
Guine, there was very little information about chimneys for the small, residential-type 
installation. The program as originally contemplated embraced three temperature 
ranges, the first of which wouid show the operating performance of the chimney in 
terms of draft-producing ability at the range of temperatures normally encountered in 
domestic heating appliances, and that range from 200 to 1000 F is the range that Mr. 
Achenbach has reported today. 

The codes governing the various heating appliances that are used in residential 
work permit flue-gas temperatures at the outlet for certain appliances of 1000 deg. 
Mechanically-fired boilers are limited to 600; gas appliances, 550. Actually, with the 
requirement of a draft diverter in the gas appliance, the flue-gas temperatures entering 
the chimney are somewhat less than 550, and sometimes as low as 200. 
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Another range of temperatures is contemplated covering the question which Mr. 
Fisher raised, and that is, the extremely low temperatures. This range would over- 
lap the others, and we contemplate something like 90 deg up to about 250 or 300 for 
this lower range. 

A third phase of the program involves the investigation of the safety of chimneys 
in terms of temperatures in excess of 1000 deg and ranging from about 800 up to 1800. 
These tests have been conducted by the Fire Protection Section of the Bureau of 
Standards on a number of similar masonry chimneys. This, again, is only one part of a 
comprehensive program. 


L. B. Scumitt? and R. B. EncpAHL, Columbus, Ohio (WritrEN): For a number 
of years there has been a need for definite information on the operational charac- 
teristics of various types of small residential chimneys, and it is, indeed, fortunate 
that at this time we should have such a complete answer to this problem. 

Our work on residential chimneys conducted at Battelle Memorial Institute, and 
recently presented in the paper entitled, Performance of Residential Chimneys, 
parallels the work presented by Mr. Achenbach and Mr. Cole in many respects. It 
is gratifying to know that our results are so closely comparable with the data that 
they have presented. 

Chimney effectiveness as presented in Table 2 should be clarified more fully. 
Chimney effectiveness, or chimney efficiency as we have called it, is the ratio of the 
observed draft to the computed static draft calculated from the inlet temperature. The 
computed static draft as presented in the paper is calculated from the average flue-gas 
temperature, and is used to determine the indicated friction loss. This is a technicality 
that may easily cause confusion. 

It will also be noted in Table 2 that the observed draft exceeded the computed 
draft at a number of points. A draft difference of 0.004 in. of water is equivalent 


‘to only 11 deg difference in temperature. Mr. Achenbach has stated that unshielded, 


chromel-alumel thermocouples were used, and, with thermocouples of this type, this 
degree of error is not unusual. No such difference was noted among the measure- 
inents that we recorded, which were made with a high-velocity aspirating shielded 
thermocouple. 


AutuHors’ CLosure (Mr. Achenbach): I wish to thank those who have made 
comments on this paper. Mr. Thulman’s written comment about Conclusion 3 is a 
good criticism. The statement as made is not inaccurate, but probably is not 
sufficiently complete. Since the comparison of capacity between round and square 
liners is a controversial one, the conclusions should be somewhat more detailed. I 
believe the text of the paper covers the point adequately. 

A smoke pipe that entered a chimney at an angle of 45 deg would probably intro- 
duce less friction and possibly provide a better streamlined flow of the gases in the 
chimney than one entering at right angles. The use of a thimble inclined upward 
at a 45 deg angle has not been widespread in my experience, however. The Bureau 
has made some tests to compare the pickup of a number of these chimneys and there 
is an appreciable difference. These data have not all been correlated as yet, but they 
will be published later. The scope of the investigation reported in this paper was 
intended to cover the flue-gas temperatures that might occur with gas appliances as 
well as with oil and coal and was not related to one fuel in particular. 

I believe that the use of transite liners is limited almost entirely to gas appliances, 
since the transite liner tends to disintegrate at a temperature.a little above 600 F. 
The use of aluminum liners may also be limited to gas. The point is somewhat 
controversial, since aluminum melts at about 1220 F. Tests of one such chimney at 
the National Bureau of Standards showed that an aluminum liner might melt under 
conditions that occur occasionally with oil burners, and more often with solid fuel. 


3 Research Engineer, Battelle Memorial Institute. 
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Chimney effectiveness, as used in this paper, and chimney efficiency, as used by 
Battelle Memorial Institute, are the same quantity. It depends only on the observed 
draft and che inlet flue gas temperature for any given test condition. The computed 
static draft, discussed in this paper, is the draft that would be observed if the flue 
gases passed through the chimney without friction, but were normally cooled during 
passage. The computed static draft was determined from the average flue gas tcem- 
perature in the chimney and was used to determine an indicated friction loss. In 
this way, the error in temperature measurement caused by using unshielded thermo- 
couples is reflected in the values obtained for the indicated friction loss. The radia- 
tion error of the unshielded thermocouples reduced the value of the indicated friction 
loss, and, in some cases, caused it to have a negative value as explained in the text of 
the paper. Computations indicate that the radiation error of the unshielded thermo- 
couples caused an error in the computed static draft ranging from 0 to 2 percent for 
the various test conditions. 

Although this paper indicates that the chimneys made of different masonry 
materials were comparable and, for all practical purposes, equivalent in their ability 
to produce a draft, they were not necessarily equivalent from a fire hazard standpoint. 
I am not prepared to comment in detail on the fire hazard characteristics of this group 
of chimneys. However, all of these that were discussed in this paper, and some 
additional ones, have been tested to determine whether they would ignite surrounding 
combustible material, and also whether the masonry would crack due to heat shock. 
These tests have shown that only one of them would ignite combustible material for flue 
gas temperatures less than 1000 F. However, when flue gases at a temperature of 
1400 F were admitted for one hour, followed by a steady flow of flue gases at 1000 
deg, I believe all but about two did ignite combustible material, or had reached 
temperatures where ignition was immiinent. 
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No. 1357 


PERFORMANCE OF AN ELECTRICAL SYSTEM OF 
PANEL HEATING WITH FOUR STAGES 
OF INSULATION 


By R. J. Lorenzi*, New Haven, Conn. AND J. F. ScHREIBER**, Passaic, N. J. 


MEROUS articles have appeared in behalf of the economic and comfort 
advantages of insulation when used in conjunction with heating equip- 
ment. The authors, however, are not familiar with any publication in which a 
cost analysis has been made based on actual experimental data taken in a full- 
scale residence heated electrically and tested with varying degrees of insulation. 
This article deals with the performance and economy of operation of a panel 
heating system in which the source of energy is a layer of electrically conductive 
rubber. The installation was made in a full-scale experimental four-room house 
on the grounds of the John B. Pierce Foundation at Raritan, N. J. Data which 
were obtained during the 1947-1948 heating season are presented for four 
progressive stages of insulation. 

During the entire heating season, the test house was occupied by an elderly 
couple and their daughter. All normal household operation, such as cooking, 
washing, etc., were carried on with no restrictions. The occupants were per- 
mitted to set the room thermostats to satisfy their own comfort requirements, 
except during 24-hour periods of continuous temperature recording, which 
occurred approximately once every two weeks. The occupants were asked to 
note the thermostat settings. 


DESCRIPTION OF Test House 


Fig. 1 shows an exterior view of the test house which is built of the prefabri- 
cated sandwich type wall construction. The wall panels are composed of 2 in. 
mineral wool insulation compressed to 114 in. between sheets of 3% in. plywood. 


* Research Engineer, Laboratory of Hygiene, John B. Pierce Foundation. Member of A.S.H.V.E. 

** Develop t Engi , Mechanical Goods Division, United States Rubber Co. 

Presented at the 55th Annual Meeting of THe American Socrery or Heatinc AND VENTILATING 
Enerneers, Chicago, Ill., January, 1949. 
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No changes were made in the wall construction during the various experimental 
phases of the program. Windows are of the casement type and were of single 
glass for the first insulation stage, but were fitted with double glazing for the 
second, third, and fourth insulation stages. The original ceiling was % in. ply- 
wood panels above which was 2 in. mineral wool insulation, an attic space and 
a roof constructed of asbestos shingles on 1% in. plywood sheathing. For the 
series of experiments described in this paper, the original ceiling was furred 
down using 2 in. x 2 in. furring strips, and the heating panels were nailed to 
these strips, thus providing an additional air space. After the second irsula- 
tion step, an additional 2 in. thickness of mineral wool insulation was added in 


Fic. 1. Four ROOM RESIDENCE USED IN TEST 


the ceiling, thereby providing a total of 4 in. of insulation in Steps 3 and 4. 
Since the test house had been used for experiments other than those described 
herein, the floor construction is somewhat unusual, and is as follows: Living 
room, 1 in. finished flooring over 5 in. plywood sub-flooring, 2 in. fiber glass 
on backer board tacked to bottom of floor joists; Dining-kitchen space, 1 in. 
finished flooring over 5 in. plywood sub-flooring, backer board tacked to 
bottom of floor joists; Bathroom and Bedroom No. 1, 1 in. finished flooring over 
reflective insulation draped over floor joists; Bedroom No. 2, 1 in. finished floor- 
ing over reflective insulation draped over floor joists, backer board attached to 
bottom of floor joists. For the final step in insulation, an additional 2 in. thick- 
ness of mineral wool was added to the floor construction in all rooms except the 
living room. 

The overall coefficients of heat transfer for the various surfaces subject to 
heat loss are given in Table 1 and are expressed in Btu per square foot per 
hour per Fahrenheit degree. Values are given for each insulation step, and the 
underlined figures indicate where insulation changes occurred. Heat loss data 
were obtained on the basis of the generally accepted procedure for heat loss * 
calculations as presented in the HEATING VENTILATING AIR CONDITIONING 
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Guipve. Infiltration was obtained by the crack method, assuming the average 
wind velocity to be 15 mph during December, January and February. The heat 
loss for the structure for the first insulation step was 34,000 Btu per hour. This 
does not include the ceiling loss which was taken into account by the reverse loss 
from the heating panels. 


DESCRIPTION OF HEATING SYSTEM 


The radiant panel ceiling heating system was of a type which consists of a 
natural rubber to which has been added specific materials permitting the con- 
duction of electricity. The rubber provides a uniform heating surface over the 


TABLE 1. COEFFICIENTS OF HEAT TRANSMISSION FOR SURFACES SUBJECT TO 
Heat Loss* 


(Btu per square foot per hour per Fahrenheit degree) 


Step 1 STEP 2 STEP 3 Step 4 
Walls—Lintel Girder Panels................. 0.21 0.21 0.21 0.21 
Walls— Middle and Lower Course Panels...... 0.18 0.18 0.18 0.18 
1.13 0.55 0.55 
Ceiling and Roof (overall coefficient).......... 0.10 0.10 0.06 0.06 
0.08 0.08 0.08 0.08 
Floor—Dining Room-Kitchen................ 0.21 0.21 0.21 0.08 
Floor—Bedroom No. 1 and Bath............. 0.27 0.27 0.27 0.09 
Floor—Bedroom No. 2.............0eeeee00+ 0.24 0.24 0.24 0.09 


a Underlined figures show where insulation changes occurred. 
Wall, window, and roof coefficients based on a wind velocity of 15 mph. 


entire area. The conductive rubber layer is sealed between layers of phenolic 
impregnated insulation and the laminated construction is made rigid by a back- 
ing of %e6 in. asbestos board. The completed bonded assembly is approximately 
14 in. in thickness. Three geometrical sizes of heating panels were used for 
the installation—3 ft x 3 ft, 3 ft x 4 ft, and 4 ft x 4 ft. The panel layout for 
each room is indicated in Fig. 2, which is a plan of the test house giving room 
dimensions. Two electrical densities were utilized—12 and 16 w (watts) per 
square foot, the higher density panels being located near the walls subject to 
exposure. Pane! numbers 6-9, 12-14, 20, and 21, are all rated 12 w per square 
foot, and the remaining panels are rated at 16 w per square foot, with the 
exception of No. 11, which is a filler panel used to complete the geometrical 
pattern and to meet the architectural requirements. It will be noticed that in 
some rooms (bathroom, bedroom No. 1, and dining-kitchen area) it was neces- 
sary to use 16 w density panels throughout to satisfy the heat loss requirements. 
Wherever possible, full ceiling coverage was used to reduce the panel tempera- 
tures to a minimum value. 

All panels were operated on 220 volts, and the electrical connections to the 
panels were made with standard building wire of the armored cable type 
attached through connection boxes fastened to the backs of the panels. There 
were four main circuits and the total installed capacity was 7300 w. The system 
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was controlled by means of separate thermostats in each room. These thermo- 
stats were of the standard low-voltage air actuated type with operating differ- 
entials not in excess of +0.5 deg. 


ELECTRICAL AND THERMAL MEASUREMENTS 


Since normal occupancy was considered to be a critical item in these tests, 
the physical nature of the recording equipment, its location, and psychological 
acceptability by the occupying family provided a number of problems. The 
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Fic. 2. PLAN OF TEST HOUSE SHOWING HEATING PANEL 
LAYOUT 


arrangements finally decided upon were believed to meet the full requirements 
of informative electrical and thermal performance records with a minimum of 
inconvenience to the family and without conspicuous external equipment in the 
living spaces. Electrical data were obtained on total energy consumption, 
momentary demand, and consumption of power in each controlled area by the 
use of a watt-hour meter, a recording watt meter, and time meters connected 
to each area tested. From the data obtained from the instruments, it was possi- 
ble to determine the system’s power consumption, the total load (demand) at 
any given time, the diversity of this demand with respect to time, and the 
proportion of energy consumed by any one area for a given length of time. 
Thermal measurements were obtained primarily through the use of copper- 
constantan thermocouples in conjunction with a continuous type chart recorder. 
In each of the four major rooms on the approximate centerline of one exterior 
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and one interior wall, and 6 in. from these walls, air thermocouples were located 
30 in. above the floor. Surface temperature measurements were obtained at the 
ceilings in all rooms, and thermocouples were also located inside the zone 
thermostats in each room. To obtain outside air temperatures, both thermc - 
couples and thermometers were used, and wind velocity was obtained by the 
use of an integrating anemometer. 


EXPERIMENTAL DATA 


A summary of the pertinent experimental data is presented in Table 2. The 
temperatures of lines 1 and 2 of this table are averages of recordings taken at 
15-min intervals for a 24-hr period for each step, and are averages of the four 
major rooms. The temperatures of line 2 were measured at the lower surface 


TABLE 2, SUMMARY OF PERTINENT EXPERIMENTAL DATA 


UNIT Step 1 STEP 2 STEP 3 Strep 4 

1. Air Temperature at 30 in. level..... F 71.7 72.5 71.7 71.2 
2. Ceiling Panel Temperature........ F 100.8 99.0 106.2 103.2 
3. Indoor-Outdoor Temperature 

Se F deg 45.1 49.9 54.7 56.8 
4. Average Wind Velocity............ mph 5.8 5.0 7.9 4.6 
5. Total Duration of Test Condition... hr 672 504 168 168 
6. Total Degree-Days............... 901 819 321 334 
7. Energy Consumption.............. kwhr 4101 990 964 
8. Unit Power Requirement.......... kw/deg 0.136 0.107 0.108 0.101 
kwhr/degree- 0.70 0.51 0.48 0.45 

day /1000 cu ft 


a Heat Factor Formula to Calculate Electric House Heating, by H. C. Bender, Electrical World, 
May 12, 1945. This heat factor is a common denominator by which comparisons can be made and 
by which energy consumption may be estimated for houses of different size and construction under 
verying climatic conditions. An analysis of available national information showed that the heat 
factor varied from 0.8 to 0.2 and that similar types of houses had similar heat factors. 


of the heating panels. For lines 3 and 4, the data presented are for the entire 
test period, that is, for the number of hours shown in line 5. Line 6 is the 
total degree days for each step as calculated from a 65 F base. Line 7 is the 
total energy consumed for each test period for house heating only. Line 8 is 
the total unit power requirement per degree of inside-outside temperature 
difference, and is line 7 divided by the product of lines 5 and 3. The heat factor 
of line 9 is another expression of the unit power requirement and is given in 
terms of kwhr per degree-day per 1000 cu ft of heated volume. Note that this 
expression uses the degree-day concept and that, in calculating line 8, the inside- 
outside temperature difference was used. Both lines 8 and 9 indicate the mea- 
sured reduction in unit power requirements for the successive insulation steps, 
but the heat factor formula of line 9 shows this reduction more positively. 

In line 1 of Table 2, the temperatures presented may appear at first glance 
to be somewhat high for a radiant panel heating installation. However, when 
it is recalled that the occupants of the test house werean elderly couple, the 
temperatures appear to be more reasonable. The ceiling panel temperatures of 
line 2 also are of interest. Note that the highest panel temperature is 106.2 F, 
occurring with an indoor-outdoor differential of 54.7 deg and that for Step 4 
(the condition of greatest insulation) the ceiling panel temperature is only 
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103.2 F for a slightly greater indoor-outdoor temperature differential. In the 
design of the heating installation, the temperature produced by a 16-w density 
panel, apptoximately 110 F at 0 F outdoor, was selected as a maximum panel 
temperature for optimum comfort for the 4th insulation step. 

From line 9 of Table 2, the reduction in heat factor from 0.70 to 0.51 indi- 
cates a saving of approximately 27 percent due to the addition of the storm 
windows. This checks well with a theoretical saving of 26 percent obtained »y 
computing the heat loss of the experimental house with and without storm 
windows. However, this saving is greater than normally expected of storm 
windows and is due to the relatively large glass area in the small house, and 
the reduction in infiltration loss when the storm windows were added. (The 
casement windows were not weather stripped.) 


Cost DaTAa 


The summary of the insulating and operating costs is presented in Table 3. 
In this table, line 1 is the heat factor which is the same as line 9 of Table 2. 
In line 2 of Table 3, the cost of the heat loss per heating season is presented. 
These data are based on the heat factor determined by experiment and are the 
products of the heat factor, the degree-days—5586 for Somerville, N. J.—times 
6.48 which is thousands of cubic feet of heated volume, times 2 cents per kwhr 
plus $24.00 per year demand charge. Electrical energy was purchased from the 
local utility at the rate of 2 cents per kwhr for all amounts in excess of 200 
kwhr per month. There was also a demand charge of $2.00 per kw in excess 
of 7.5 kw or $24.00 per year. ' 

In line 3, the cost of the insulation investment is given. Under Step 2, 
$183.00 represents the installed cost of the storm sash. For Step 3, $254.70 
represents the installed cost of the storm sash plus the additional ceiling insula- 
tion. In Step 4, $341.30 is the combined cost of storm sash, ceiling insulation, 
and additional under-floor insulation. These cost figures are not estimated but 
are the actual installed cost figures. The amortization cost of line 4 is given 
in dollars per dollar invested per year, and is based on 20 years at 5 percent. 
The annual insulation cost of line 5 is obviously the product of line 3 and line 4, 
and the combined annual costs of line 6 are the totals of lines 2 and 5. Lines 
7 through 10 show the savings during and after the amortization period, both 
in dollars and in percent. It is obvious from line 6 of Table 3 that each suc- 
cessive insulation step has been justified economically, since the combined cost 
of heating plus insulation investment is progressively reduced with the addi- 
tion of more insulation. 

In line 2 of Table 3, the calculation was based on the actual cost of electrical 
energy prevailing at Raritan, N. J. The rate in that locality is such that any 
type of electrical heating falls into a class which might be termed luxury heating. 
Since more logical applications for electrical heating would be in areas where 
energy could be purchased for approximately 1 cent per kwhr, the annual heat- 
ing costs have been calculated on this latter basis in the center section of Table 
3. It has also been assumed that the test house was subject to the same exposure 
and heat loss as in tests reported, and that the demand charges and insulation 
costs are the same, but that the average energy cost is 1 cent per kwhr. The 
cost of the heat loss on this basis is given in line 11, and the combined annual 
costs are given in line 12. With this reduced rate, it can be seen that the 
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successive insulation stages may still be justified economically, since the com- 
bined cost for Step 4 gives the lowest value. 

In the last section of Table 3, a further reduction to an average rate of 14 
cent per kwhr has been assumed, and the calculated values are given in lines 
13 and 14. With this low rate, notice that the final insulation step cannot be 
justified, since the combined annual cost exceeds that for Step 3. An average 
rate slightly above 14 cent per kwhr is, therefore, the lowest rate at which all 
stages of insulation can be justified in this particular instance. 


ComForT OBSERVATIONS 


During the entire heating season operation continued without difficulty, both 
panels and controls functioning properly. Good response to the On-Off type 


Tas_e 3. SUMMARY OF Cost DaTA 


Step 1 STEP 2 STEP 3 Step 4 
1. Heat Factor, kwhr per degree-day per 1000 cu ft 0.70 0.51 0.48 0.45 
2. Heat Loss Cost per Season, 
dollars at 2 cents per kwhr................. 530.61 395.94 370.29 346.64 
3. Net Insulation Investment, dollars............ —- 183.00 254.70 341.30 
4. Amortization Cost, dollars per dollar per year. —_—- 0.08 0.08 0.08 
5. Annual Insulation ‘Cost, RSE, —— 14.64 20.38 27.30 
6. Combined Annual Cost, dollars............... 530.61 410.58 390.67 373.94 
7. Annual Saving During Amortization, dollars. . _ 120.03 139.94 156.67 
8. Annual Saving After Amortization, dollars. .... _—_ 134.67 160.32 183.97 
9. Percent Reduction in Annual Costs 
10. Percent Reduction in Annual Costs 
11. Heat Cost per Season, 
dollars at 1 cent per kwhr.................. 277.30 209.97 197.15 185.32 
12. Combined Annual Cost, dollars............... 277.30 224.61 217.53 212.62 
13. Heat Loss Cost per Season, 
dollars at 4 cent per kwhr................. 150.65 116.99 110.58 104.66 
14, Combined Annual Cost, dollars............... | 150.65 131.63 130.96 131.96 


room thermostat was due to the minimal heat capacity and low thermal lag of 
the heating panels. This made it possible to control the panel heating system 
without an outdoor thermostat. In general, the occupants reported comfort dur- 
ing the test periods in each insulation step with the exception of Step 1 in 
which no storm sash was used. An unsolicited statement by the occupant indi- 
cated considerable improvement in comfort by the addition of the storm sash. 
Comments on cold floor conditions in some rooms (which were expected due 
to the unusual floor construction of the test house—see description of floor con- 
struction given previously) resulted in the addition of the under-floor insulation 
in Step 4 and showed the necessity of the insulation for this type of construction. 


SUMMARY 


1. A full-scale residential panel heating installation, using electricity as the source 
of heat, has been described. 

2. Heating panels fabricated of electrically conductive rubber and controlled by 
On-Off air actuated thermostats were utilized. 

3. Comparative temperature and power data have been presented for four pro- 
gressive stages of insulation. 
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4. Cost data have been presented to show that the successive insulation stages 
can be justified economically under certain conditions of power cost and climatic 
severity. 

5. Performance was good throughout the heating season, and comfort was reported 
by the occupants for the final insulation stages. 
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DISCUSSION 


H. C. Murpnuy, Carmel, Calif. (Written): We have approximately 800 installa- 
tions of electrical panel heating on the Pacific Coast and in certain other sections of 
the country having power rates of approximately one cent per kilowatt hour. 

Some of these systems have been in use up to eight years.. The two different, but 
somewhat basically similar systems are manufactured in Seattle, Wash., and in 
Monterey, Calif. 

Inspection of a number of these jobs confirms the major importance of adequate 
insulation. With proper insulation, adequate controls, and good engineering, this 
method of heating seems to be practical and desirable for many types of structure. 


E, P. Patmatier, Syracuse, N. Y.: Will the authors please explain the basis of 
calculation of the factor 0.5 kw per degree day per thousand cubic feet which is 
given in the tabular data. I have seen lower figures than this quoted, but it may 
be that the volume of the houses was not computed by the same method used by the 
authors. Exactly how was the house volume determined? 


R. A. Miter, Pittsburgh, Pa.: Do the authors mean double glazing or storm sash! 
The factor given indicates double glazing. The words used were storm sash. There 
is some difference in forming calculations and making a determination. 


M. C. CuristesEN, Newark, N. J.: Were any records made of the differences in 
temperature between the ceiling and the floor during the operation of the panel. What 
were those differences for each foot of the height from floor to ceiling? 


H. M. Hart, Chicago, Ill.: Lack of discussion is a compliment to the authors. They 
have written a paper which leaves little for discussion. 


C. H. Ranpotpex, Milwaukee, Wis.: Did the authors find anything in their .work 
that would indicate that one would figure fuel costs for an electric panel heating 
system on any basis other than the one used for an ordinary standard conventional 
system? 


A. S. Currey, Libertyville, Ill.: Was the panel control an on-and-off proposition 
or was it possible to modulate the amount of electricity through the panels? 
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Cyrit TASKER, Cleveland, Ohio: In view of the costs given for net installation 
investment and because, in different parts of the country, such costs are liable to 
differ somewhat, is there any statistical significance in the figures for Steps 2, 3, and 
4 when the cost of electric power is more than one cent per kilowatt hour? I would 
suggest, on the basis of the figures given, that actually no step beyond Step 2 or 
the first step of insulation is really significant. As can be seen from the figures, 
some slight change in the net installation investment might easily wipe out the small 
differences between Steps 2, 3, and 4 at one cent per kilowatt hour or below. 


R. E. Reeves*, Chattanooga, Tenn.: We have two or three installations of this type 
in Chattanooga and also of the type being used on the Pacific coast. We have approxi- 
mately 56,000 kw of electric house heating in Chattanooga, representing some 4,000 
all-electric homes. We find that the houses in which the radiant panels have been 
installed are more comfortable than those where straight resistance heating is installed. 
Owners find (our rates being somewhat lower in the Tennessee Valley area) that 
the electrical cost is considerably below what the authors have presented. There are 
many houses that heat for less than $100 per season, averaging 7% mills per 
kilowatt hour. 


M. K. Faunestock, Urbana, Ill.: The authors mentioned comfort. Did they have 
any objective measurement of comfort? How did they evaluate comfort? Did they 
just take the reactions of the subjects? How many subjects were questioned? Was 
there anything in regard to the state of equilibrium of the subjects? In other words, 
how did they define comfort and how did they measure it? 


R. L. Remey, Texarkana, Ark.: Is the rubber material mentioned by the authors 
an established material or is it an experimental one? From whom can it be obtained? 


Avutuors’ CLosure (Mr. Lorenzi) : I thank Mr. Murphy for his written discussion, 
and Mr. Hart for his comments. 

Mr. Palmatier wants to know about the heat factor: What volume of the house 
was used? The volume was the entire volume of the occupied area, including the 
partition volume. That is, taking the entire floor area as based on the full length 
and width of the house and multiplying by the height from the bottom of the floor 
right up to the ceiling. This volume was calculated according to the recommenda- 
tions of H. C. Bender, to whom we should acknowledge the use of the heat-factor 
formula. 

Mr. Miller wanted to know about storm sash. We did use storm sash and not 
double glazing. Mr. Christesen asked about a differential gradient from ceiling to 
floor, or floor to ceiling. I have no specific figures but estimate that the floor-to- 
ceiling grade was of the order of 10 to 12 F as measured from a point six in. above 
the floor to a point six in. below the ceiling. We found in most cases that the actual 
surface of the floor itself was warmer than the air immediately above it. 

As to the question on the type of controls, these were of the on-off type. There 
was a thermostat located in each of the four major rooms and also one in the bath- 
room. We actually had five zones of control, each one operating independently. Each 
one was of the air-actuated type. 

Mr. Randolph asked about figuring fuel for electrical heating; whether it was 
necessary to figure fuel cost for electrical heating on a basis other than that used for 
regular standard types of heating. Our electrical demand charts showed that the 
electrical demand followed very closely the outside temperature. I think that is an 
indication that the use of the present day concept of predicting fuel costs is a 
pretty reliable method. 


* Member, Electric Power Board of Chattanooga. 
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Mr. Tasker’s question was on the economic significance of Steps 3 and 4. I 
believe Mr. Tasker is correct. There is no considerable saving in the amount of fuel 
by the addition of an extra two in. of insulation in the ceiling when we already had 
two in. there. This is also true for the floor. However, in the case of the floor the 
comfort conditions were improved tremendously by adding the extra insulation. That 
was indicated not only by the reactions of the occupants, but also by the thermocouple 
measurements taken at the floor surface. 

Mr. Reeves has made some comment about the more favorable cost of electrical 
heating in the Chattanooga section. Of course, the degree days there are much more 
favorable than they were in the New Jersey location, where we did the testing. I 
think that the Chattanooga area in the Tennesse Valley, is a much more likely 
location for the use of electrical heating. 

Prof. Fahnestock was interested in knowing about how comfort was defined and 
how it was measured. We made no attempt to obtain elaborate information on com- 
fort from occupants or to measure it by having reactions from subjects. The house 
was occupied during the entire test period by three adult persons and our only 
information was the information which they offered to us. 

Mr. Reiley asked about the rubber materials used. This rubber is made electrically 
conductive by addition of carbon black. By varying the amount of carbon black 
which is added to the material, the electrical watt density can be varied. The material 
is available commercially in the form of panels in two sizes and two watt densities. 
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No. 1358 


HEATING A BASEMENTLESS HOUSE WITH 
RADIANT BASEBOARD 


By R. H. WetceLt* anp W. S. Harris**, UrBana, ILL. 


URING the past year, the University of Illinois, in cooperation with the 

Institute of Boiler and Radiator Manufacturers, investigated the per- 
formance of a radiant baseboard heating system in a basementless home. This 
supplements previous work done on radiant baseboard in the I=B=R Research 
Home! 2, 

The object of the tests discussed in this paper was to determine the operat- 
ing characteristics of a hot-water heating system using type RC, cast-iron, 
radiant baseboards in a basementless home. These characteristics included the 
temperature of the floor slab, the temperature gradients in the rooms, the operat- 
ing temperatures in the hot-water system, fuel consumption, relative humidity, 
and cleanliness of operation. 


DESCRIPTION OF EQUIPMENT 


House: The basementless home, shown in Fig. 1, was of prefabricated con- 
struction. The walls were composed of 3% in. fiber wall board on the room 
side, 2 in. by 3 in. wood framing members, and %% in. plywood on the outside. 
One inch of cotton insulation, provided with a vapor barrier, was applied to 
the wall board between the framing members. The calculated coefficient of heat 
transmission, U, for this wall section was 0.16 Btu per (sq ft) (hr) (F deg) 
temperature difference. The ceiling was composed of 14 in. plywood, two inches 
of cotton insulation, and 2 in. by 4 in. joists. The U value was 0.13 Btu per 
(sq ft) (hr) (F deg) temperature difference. The house was erected on a 4-in. 


* Special Research Assistant, University of Illinois. 

cn 8 a oo Associate Professor of Mechanical Engineering, University of Illinois. Member 
of A.S.H.V.E. 

1A Study of Radiant Baseboard Heating in the I=B=R Research Home, by Alonzo P. Kratz and 
Warren S. Harris. (University of Illinois, Engineering Experiment Station, Bulletin 358.) 

2 Performance of Radiant Baseboard in Research Home, by A. P. Kratz and W. S. Harris. 
(Heating, Piping & Air Conditioning, Vol. 18, No. 1, Jan. 1946, p. 138.) 

Presented at the 55th Annual Meeting of THe American Society or HEATING AND VENTILATING 
Enotineers, Chicago, Ill., January, 1949. 
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Fic. 1. BASEMENTLESS HOME 


concrete floor, and, to minimize the heat losses at the edge of the slab, 1-in. 
waterproof board insulation was installed around the periphery and between the 
slab and foundation. A vapor barrier was placed between the slab and gravel 
fill to prevent vapor transmission. Calculated heat losses through the floor were 
based on a factor of 0.06 Btu per (sq ft) (hr) (F deg) and a temperature 
difference from room air to ground of 20 F deg. 

All windows and doors were weatherstripped, and storm doors were used on 
both outside entrances. The total heat loss, based on —10 F outdoor tempera- 
ture, and 70 F indoor temperature, was 42,750 Btu per hr. The total floor area 
of the heated space was 713 sq f. and the volume was 5702 cu ft. Table 1 gives 
a summary of the calculated heat loss, the volume, and the installed radiation 
in each room in the house. A floor plan of the house is shown in Fig. 2, and 
construction details of floor and walls are shown in Figs. 3 and 4. 


TABLE 1. Data on BASEMENTLESS HoME AND HEATING SYSTEM 


INSTALLED RADIATION 
Low Heicut Type RC 
Room DIMENSIONS 
Heatep | CaLcuLaTep Radiation 
SPACE Heat Loss Radiant Installed 
Cu Fr Btu PER HR| paseboard* Sq Ftb 
Utility Room.... 8 ft-0 x 11 ft-10 in. 755 5928 _ _— 
OS ee, 9 ft-3 in. x 11 ft-10 in. 784 6384 10 20.8 
Living Room....} 11 ft- 10 i in. 2 19 ft-10 in. 1869 13680 26 54.1 
Front Bedroom. . 9 ft-11 in. x 11 ft-10 in. 935 7182 15 31.2 
Rear Bedroom... 8 ft-9 in. x 11 ft-10 in. 831 6612 14 29.2 
Ps sscc8esens 5 ft-0 in. x 8 ft-1 in. 324 2394 5 10.4 
7 ft-1 in. x 3 ft-7 in. 204 570 
5702 42750 145.7 


Net I=B=R Boiler Rating = 55000 Btu per hour 


Gas Burning Rate = 100 cu ft per hour 
a Based on a heat emission of 500 Btu per lineal ft at an average water temperature of 215 F. 
b Based on a heat emission of 240 Btu per hour per sq ft at 215 F. 
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Fis. 2. FLoor PLAN SHOWING LOCATION OF BASEBOARD 
RADIATION 


Heating System: A gas conversion burner was used in conjunction with a 
wet-base type cast-iron boiler composed of two 6-in. sections and one 4-in. sec- 
tion, surrounded on top, sides and back with a 1-in. thickness of air-cell insula- 
tion and completely enclosed in an enamelled sheet-metal jacket. All cracks 
between sections were sealed with asbestos cement. The net I=B=R rating 
was 55,000 Btu per hr. 

A one-pipe, forced-circulation, hot-water system was used with type RC, cast- 
iron, radiant baseboards. These units, approximately 7 in. high, were located 
in the rooms as shown in Fig. 2. Paper-backed aluminum foil served as a dust 
seal to prevent the possibility of streaking the wall. The radiation in the living 


TABLE 2. RADIATION, PIPE, AND Fittincs Usep IN HEATING SYSTEM WITH 
RADIATION CONNECTED IN Two CiRcuITS 


PIPE ELBows TEES Untons| SPECIALTIES 
SECTION Low Height 
Type RC _ |Size,| Length, Size, Size, Size, 
Baseboard | In.| Ft In. | No) “Tn.” Unit —[No. 
Radiation, 
Lineal Ft 
Bath- Bedroom 34 54.0 10 % 1 | % | 2 |%-in. valves} 2 
Circuit %-union | 4 
Liv. Rm.-Kitchen 36 % 36.2 8 % 2| % | 2 |3-in. valves} 2 
Circuit %-union | 4 
Supply Trunk 4% 2.98 |% 3 | % relief 1 
14.3> 2 % 1|%|2 valve 
Return Trunk 1 1 1 | 1 1-in. 1 
lIxlx% | 1 circulator 
Pipe Totals Elbow Totals Tee Totals Union Totals 
> 6 ft drain from relief 0.5ft % in. (union)..8 %xlx%in.....1  Lin.......... 2 
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room and kitchen were connected in series and comprised one circuit, the two 
bedroom radiators were connected in series to form a second circuit, and the 
bath a third circuit. Furthermore, the piping was so arranged that the radiation 
in the bath could also be connected in series with the radiation in the two 
bedrooms and thus divide the system into only two circuits. The system was 
designed to operate with a mean water temperature of 215 F at 80 deg indoor- 
outdoor temperature difference, and a 20 deg drop through each circuit. 
Three-quarter inch wrought-steel pipe was used almost entirely in the piping 
layout. In order that the system could be drained, the supply and return pipes 
in the concrete slab (see Fig. 2) were pitched downward to the sump in the 
utility room where drain valves were provided. Three-quarter inch air-cell 
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Fic. 3. THERMOCOUPLE LOCATIONS IN LIVING ROOM FLOOR SLAB 


insulation was placed around the pipe buried in the concrete. The insulation 
permitted sufficient movement of the pipe to provide for expansion in the system 
due to temperature changes and also it made it easier to connect the radiation 
to the supply and return piping at the time of installation. Each baseboard 
assembly was provided with an air vent to eliminate any air that might accumu- 
late in the radiation or piping. The amount of radiation, together with the size 
and amount of pipe and fittings, are given in Table 2. 

Control System: The control system, shown in Fig. 5, included a room thermo- 
stat, a high-limit control, a magnetic gas valve, a safety pilot, a transformer, 
and a relay. The room thermostat was of the heat-anticipating type, and in 
addition, contained provision for making three adjustments of the length of the 
burner and circulator operating cycle for a given outdoor temperature. The 
thermostat was located 30 in. above the floor on the east wall of the living room 
near the hall entrance, see Fig. 2. The high-limit control, which served to pre- 
vent overheating of the water in the boiler, was of the immersion type and was 
located in the back section of the boiler. 
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When heat was required, the gas burner and the circulator were started by 
the thermostat and both continued to operate until stopped by the room thermo- 
stat. If the period of operation was of sufficient duration to raise the tempera- 
ture of the water in the boiler to 220 F, corresponding to the setting of the 
high-limit control, the latter would stop the burner. The circulator, however, 
would continue to operate. This system of control was used since domestic hot 
water was not being provided by the boiler. 

Testing Apparatus: While the house was being erected, copper-constantan 
thermocouples were located in the living room and kitchen floor slabs, as shown 
in Figs. 3 and 4, respectively. It may be noted that slab temperatures in the 
living room were measured in a plane perpendicular to the west wall and that 
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Fic. 4. THERMOCOUPLE LOCATIONS IN KITCHEN FLOOR SLAB 


baseboard radiation extended not less than 7 ft-6 in. on either side of the plane 
in which the thermocouples were located. Therefore, the temperatures measured 
in this plane were fairly representative of slab temperatures that existed in any 
plane perpendicular to a wall at a point where baseboard radiation was located. 

With one exception, the thermocouples in the kitchen floor slab were located 
in a plane perpendicular to the north wall and at a distance of 4 ft-10 in. from 
the baseboard radiation on the north wall of the living room and 4 ft-9 in. 
from the nearest radiation in the kitchen. Since the closest radiant baseboard 
was 4 ft-9 in. away from the plane of the thermocouple location, the tempera- 
tures measured by the thermocouples, shown in Fig. 4, were probably repre- 
sentative of slab temperatures that would have been obtained had no baseboard 
radiation been used. 

A group of eight thermocouples was provided for the measurement of air 
temperatures at various levels in any room of the house. Four of these thermo- 
couples were attached to a portable standard at levels of 3 in., 30 in., and 60 
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in. above the. floor, and 3 in. below the ceiling. The other four thermocouples 
were similarly attached to a second standard. The lead wires to the thermo- 
couples were of sufficient length to permit locating the standards in any room. 
The use of portable standards gave maximum flexibility in measuring air tem- 
peratures, and, when not in use, they could easily be stored in the utility room. 
A third group of thermocouples was provided to study performance of the com- 
ponent parts of the heating system, including the temperature of the water 
entering and leaving each circuit, and the temperature of the water entering 
and leaving the boiler. A chromelalumel thermocouple made of No. 22 B & S 
gage wire was located at the smoke outlet of the boiler. 
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Fic. 5. CONTROL sYSTEM 


Thermostat Calls for Heat: (1) Circulator and 
gas burner start; (2) Circulator runs until 
thermostat is satisfied; (3) Gas burner runs until 
thermostat is satisfied or until boiler water tem- 
perature reaches setting of high iimit control. 
Themostat Satisfied: (1) Circulator and gas 
burner stop. 


A central switchboard was located in the utility room and all of the thermo- 
couple leads were connected to jacks on this board. Each hot junction was 
provided with an individual cold junction which was maintained at 32 F by an 
ice bath. All cold junctions were insulated electrically by wrapping with thread 
and coating with ambroid. A portable precision potentiometer and a 10-point 
recording potentiometer provided means for either instantaneous readings of 
the emf of each thermocouple or continuous printed records of the emf given 
by any copper-constantan thermocouple. The range of the 10-point recording 
potentiometer, however, was from —1l1 mv to +5 mv which did not permit 
recording of the flue gas temperatures. 

A recording hygrometer was used to make continuous records of the air 
temperature and relative humidity at the 30-in. level in the living room. This 
instrument was checked periodically with an aspiration type psychrometer. The 
CO, content of the flue gases was checked periodically with an Orsat apparatus. 
Self-starting electric clocks were connected in parallel with the gas valve and 
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the circulator motor, and recorded the total time of the operation of each unit 
during the test period. A gas meter was used to measure the quantity of gas used. 


PROCEDURE 


A gas burning rate of approximately 100 cfh was maintained Curing burner 
operating periods throughout the entire heating season. Burner adjustment 
was such that a CO, content of from 7 to 8.5 percent was obtained at the smoke 
outlet of the boiler. The natural gas used was supplied from the Texas- 
Oklahoma Pipe Line, and had a gross heating value of 1000 Btu per cu ft. 

Since the house was occupied by a family consisting of a man, his wife, and 
one small child, cooking, washing and other domestic processes were carried on 
in a normal manner. Little attempt was made to control door positions between 
rooms. Although the occupanis of the house generally kept the door between 
the kitchen and utility room closed, room air temperatures were not taken until 
the investigator assured himself that this door had been closed a minimum of 
30 min prior to taking observations. Windows remained closed at all times. 
Observations of room air temperatures at 3 in., 30 in., and 60 in. above the 
floor, and 3 in. below the ceiling, were made at periodic intervals. Approxi- 
mately every 48 hours, the operating time of the burner and the circulator, the 
cubic feet of gas consumed by the burner, and the floor slab temperatures were 
recorded. Periodic checks were made of flue gas temperature and CO,. A con- 
tinunous recording was made of the outdoor air temperature, the temperature of 
the water at the supply and return connections of the boiler and at the supply 
and return of each circuit. The velative humidity and air temperature at the 
30-in. level in the living room were also recorded continuously. 

During the main series of tests conducted during the 1947-48 heating season, 
the radiation in the bath was connected in series with the radiation in the two 
bedrooms to form one circuit of a one-pipe, forced-circulation hot-water system. 
The radiation in the living room was connected in series with that in the 
kitchen to form a second circuit. A few tests were run, during which the 
radiation in the bath was connected to a separate circuit, thus permitting the 
turning off of radiation in the bedrooms at night. This series was abandoned, 
however, when tests in the I=B=R Research Home indicated that no fuel sav- 
ings would result from this practice. 

In all tests, the thermostat was set to maintain an air temperature of 72 F at 
the 30-in. level in the living room both day and night. 


RESULTS 


Slab Temperatures: Fig. 6 shows the variation in surface temperatures of the 
floor slab over a range of indoor-outdoor temperature differences. The upper 
curve shows that essentially no difference existed between the average surface 
temperatures at the approximate centers of the living room and kitchen. Further 
examination of this curve shows that average surface temperatures at the center 
of the kitchen and the living room remained practically constant at 70.5 F over 
the range of the indoor-outdoor temperature differences from 0 to 40 deg. For 
indoor-outdoor differences greater than 40 deg, the average surface temperature 
decreased approximately 1.0 deg for each 10 deg increase in indoor-outdoor 
temperature difference. Thus, at the design condition of 80 deg indoor-outdoor 
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temperature difference, the average surface temperature in the center of the 
room would be about 66.5 F. 

The lower curves in Fig. 6 show that slab surface temperatures, one foot from 
the west wall in the living room and one foot from the north wall in the kitchen, 
were markedly different. As a result of higher water temperatures in the heat- 
ing system in the colder weather, the floor surface temperature in the living 
room increased slightly as the indoor-outdoor temperature difference increased. 
The average surface temperatures in the living room were 70.5 F and 73.0 F for 
indoor-outdoor temperature differences of 10 deg and 70 deg, respectively. In 
the kitchen, floor temperatures measured one foot from the north wall were 
influenced primarily by outdoor and indoor air temperatures. Hence, as the 
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Fic. 6. SURFACE TEMPERATURES OF FLOOR SLABS 


indoor-outdoor temperature differences increased, the surface temperature 
decreased. Average surface temperatures of 68.8 F and 61.0 F were obtained 
one foot from the wall in the kitchen at indoor-outdoor temperature differences 
of 10 deg and 70 deg, respectively. 

An analysis of the data on the study of floor slab temperatures shows that 
the radiant baseboard is particularly adapted to maintaining comfortable floor 
temperatures in a basementless type of structure. Surface temperatures in the 
center of the room were always comfortable, and, wherever radiant baseboard 
was installed, temperatures near the edge of the slab were slightly higher than 
in the center of the room. Where no radiant baseboard was installed, however, 
floor temperatures near outside walls were considerably lower. Hence, the 
advantage of radiant baseboard lies in the large amount of outside wall exposure 
that a long, low unit of this type covers. 

Room Air Temperature: In Fig. 7, the differences between the average tem- 
peratures of the air in the center of the living room, as measured at the 30-in. 
level, and at 3 in. above the floor, and 3 in. below the ceiling, are shown plotted 
against the indoor-outdoor temperature differences. The scattered pattern of 
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the points is attributed in part to the limitations in obtaining these temperatures 
with the house occupied. To prevent inconvenience to the occupants, the port- 
able standard was set up each time a set of temperature measurements was to 
be taken. The readings were generally recorded for a duration of 30 min and 
without regard to burner and circulator operation. 

Fig. 7 shows that, in the basementless house, the temperature difference from 
floor to ceiling increased with indoor-outdoor temperature difference. At 69.5 
indoor-outdoor temperature difference, the coldest weather at which these tem- 
peratures were measured, a difference of only 4.6 deg was observed between 
the average temperature of the air 3 in. above the floor and 3 in. below the 
ceiling. For all practical purposes, this was about the same as that obtained with 
type RC radiant baseboard in the I=B=R Research Home’. The Research Home 
had a full basement. 
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Fic. 7. AIR TEMPERATURE DIFFERENTIALS IN LIVING ROOM 


Average air temperatures in the center of the living room of the basement- 
less home, as measured 3 in. above the floor, were approximately 70 to 71 F 
for all indoor-outdoor temperature differences encountered. In the occupancy 
zone, 30-in. level to floor, temperature differences were only 1.0 to 2.0 deg. 
These results, together with results previously obtained in the I=B=R Research 
Home?, indicate that the radiant baseboard, if properly installed, will main- 
tain excellent air temperatures in homes built with basements, or in those built 
on concrete slabs in direct contact with the ground. 

Fig. 8 is a reproduction of a seven-day recorder chart taken from an instru- 
ment located adjacent to the thermostat in the living room. During the course 
of the seven days that this chart was being made, three different settings of 
the thermostat differential were used. The chart illustrates clearly that the 
maximum and minimum air temperatures were affected by the length of the on 
and off periods of the burner and circulator. Long cycles of burner and circu- 


3A Study of Radiant Baseboard Heating in . I=B=R Research Home. (University of Illinois, 
Engineering Experiment Station, Bulletin 358, p. 22.) 
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lator operation, obtained by setting the adjustable differential on the thermostat 
to position C, resulted in cyclic air temperature variations between on and off 
period of approximately 1.5 deg. Intermediate cycle length, obtained with the 
position of B setting, gave a variation of about 1 deg, and short cycles, obtained 
with the position of A setting, gave practically no variation in the living room 
air temperature at the 30-in. level. Air temperature variations near the ceiling 
were slightly greater than those just referred to. Furthermore, the temperature 
variations in the living room were more pronounced than in the other rooms. 
Without the aid of thermometers, the occupants of the house could not detect 
cyclic air temperature variations of 1.5 deg. 

Fig. 8 also shows that, aside from the variations in air temperature discussed 
in the preceding paragraph, the outdoor temperature had no effect on the indoor 
air temperature at the thermostat level. The indoor air temperature remained 
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Fic. 9. INDOOR RELATIVE HUMIDITY 


constant, even though there was a large and sometimes rapid change in the 
outdoor temperature. Thus, it is demonstrated that a hot-water system using 
radiant baseboard can take care of sudden changes in load with little difficulty. 

The air temperatures at the 30-in. level in the living room were approximately 
1.5 to 2.0 deg higher than those in all other rooms, except the bath. The radia- 
tion requirement for the bath room, however, was based on an 85 deg indoor- 
outdoor temperature difference, instead of the 80 deg temperature difference 
used for the other rooms. Air temperatures in the middle of any room, as 
measured at the 60-in. level, were approximately 0.5 deg higher than the tem- 
peratures measured at the 30-in. level. 

Humidity: Humidity observations were made in the basementless home dur- 
ing the 1947-48 heating season, even though no attempt was made to increase 
the indoor relative humidity with a humidifier. Curve A in Fig. 9 shows the 
relative humidity observed at the 30-in. level in the living room of the base- 
mentless home; curve C, the relative humidity which would have existed in the 
house if the absolute humidity indoors had been the same as that outdoors; 
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and curve B, the relative humidity observed in the I=B=R Research Home* 
with no special means of providing humidification. Each test point represents 
the average relative humidity for a 48-hour period. The difference between 
curves A and C can be considered as representing the moisture added to the 
indoor air by cooking, by washing, by the occupants, by evaporation from build- 
ing materials and house furnishings, and by evaporation from water normally 
used for general purposes in the house, minus that lost to the outside air. 

It may be noted that the relative humidities observed in the basementless home 
and the I=B=R Research Home, as shown by curves A and B, are in fairly 
close agreement, yet no cooking or washing was done in the Research Home. 
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Fic. 10. BoiLeR INLET WATER TEMPERATURES, TWO POSI- 
TIONS OF THERMOSTAT DIFFERENTIAL ADJUSTMENT 


Although both houses were insulated and provided with vapor barrier paper 
in the exposed walls and ceiling, and weatherstripping was applied to the doors 
and windows, the basementless home was not as tight in construction as the I=B=R 
Research Home. In the basementless home, the outside doors and the butted 
joints of the prefabricated wall panels were not tight, and possibilities existed 
for considerable air leakage and vapor transmission. Thus, it is reasonable 
to assume that, if the basementless home was of tighter construction, higher 
relative humidities would have been obtained. The problem of maintaining 
adequate indoor humidities for comfort in winter cannot be separated from con- 
sideration of good building construction. If houses are tightly constructed, 
little difficulty is experienced in maintaining an adequate indoor humidity in 
winter. 


* Performance of a Hot-Water Heating System in the I=B=R Research Home at the University 
of Illinois. (University of Illinois, Engineering Experiment Station, Bulletin 349, Fig. 27.) 
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Water Temperatures in Boiler and Radiant Baseboard: As shown in Fig. 10, 
position A of the adjustable differential on the thermostat gave shorter off and 
on periods, and, hence, more cycles of burner and circulator operation for a 
given indoor-outdoor temperature difference than did position C. It may also 
be noted that boiler inlet water temperatures for position A, at 36.5 F outdoor 
temperature, varied from 110 F to about 14€ F, a range of 30 deg, while water 
temperatures for position C varied from 102 F to 191 F, or a range of 89 deg. 
These ranges of water temperatures at the boiler inlet are fairly indicative of 
changes in water temperatures in the baseboard radiation. Thus, with the 
shorter cycles of burner and circulator operation, smaller fluctuations occurred 
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Fic. 11. BomLeER WATER TEMPERATURES 


in the water temperatures for the radiant baseboard and, hence, smaller varia- 
tions occurred in the indoor air temperatures. 

In Fig. 11, curves 7 and 2 show the water temperatures obtained at the boiler 
outlet and return connections at the end of the circulator on period, whereas 
curves 3 and 4 show the water temperatures at the outlet and return connec- 
tions at the beginning of the circulator on period. The arithmetical average of 
curves 1, 2, 3, and 4 is represented by curve 5. For all practical purposes curve 
5 represents the average temperature of the water in the boiler for any given 
indoor-outdoor temperature difference. It is also representative of the average 
water temperature in the radiant baseboard. 

The radiation installed in the basementless home was just sufficient to offset 
the calculated heat loss at an outdoor temperature of —10 F when the radiant 
baseboards were supplied with an average water temperature of 215 F. By 
extrapolation of the boiler water temperature curve 5 in Fig. 11, it will be 
found that, at an indoor-outdoor temperature difference of 80 deg, the average 
boiler water temperature was 205.5 F, and the average water temperature in 
the radiant baseboards, which was essentially the same as the average boiler 
water temperature, would have been about 9.5 deg lower than that selected for 
the design of the system. Thus, the amount of radiation installed was sufficient to 
carry the load at design conditions with only a small reserve capacity available. 
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Table 3 shows the temperature drop through the boiler and radiator circuits 
with both a two-circuit and a three-circuit flow. In the two-circuit system, the 
bath was included in the bedroom circuit. In the three-circuit system, the bath- 
room radiation was in a circuit by itself. It may be noted that the maximum 
temperature drop that occurred in any circuit was 13.5 F. Since the heating 
system was designed on a 20 deg temperature drop, it is evident that the flow of 
water in each circuit was more than ample to take care of the radiation con- 
nected to the circuit. 

Fuel Consumption: Fig. 12 shows daily burner and circulator operating time 
and fuel consumption for operation at three settings of the thermostat differ- 
ential. While changes in the thermostat differential had a marked effect on 


TaB_e 3. TEMPERATURE Drop TuHroucn BoILerR AND RApDIATOR CIRCUITS 
WITH SYSTEM OPERATING NEAR DesiGN WATER TEMPERATURE 


TWO CIRCUITS 


AvG AVG 
Circuit 
Temp TEMP F Dec 

F F 
Bath-Bedroom.............. 209.5 . 197.7 +11.8 
Liv Rm.-Kitchen........... 209.3 199.5 + 9.8 
THREE CIRCUITS 

196.5 206.5 —10.0 
Liv. Rm.-Kitchen........... 206.0 194.5 +11.5 


the length and number of operating cycles for any given indoor-outdoor tempera- 
ture difference (Fig. 10), it may be observed in Fig. 12 that the setting of the 
thermostat differential adjustment had no appreciable effect on the total daily 
operating time of the burner or circulator or on the daily fuel consumption. 

By extrapolation of the curve for burner operating time, shown in Fig. 12, a 
total operating time of only 13.5 hours per day would be obtained at an indoor- 
outdoor temperature difference of 80 deg, thus indicating that the burner and 
boiler had ample reserve capacity. 

Since the calculated heat losses of the Research Home and the basementless 
house were in close agreement, the fuel consumption obtained in the Research 
Home, when using radiant baseboard, has been included in Fig. 12, and, as 
might be expected, the daily fuel consumption for the two houses was also in 
close agreement at all indoor-outdoor temperature differences. 

Cleanliness of Operation: The basementless home was ready for occupancy 
in May 1947. When heat was applied, all the walls were freshly painted and 
all the curtains and draperies were clean and new. After operating through a 
compiete heating season of approximately nine months, faint dirt patterns were 
observed on some of the walls above the radiant baseboard. Curtains and 
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draperies that hung over the radiant baseboard, however, were as clean as 

similar curtains and draperies under which no radiant baseboard was located. 
Dirt patterns are the result of dust being carried close to the walls by convec- 

tion currents and being deposited by thermal precipitation. Experience in the 
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Fic. 12. BURNER AND CIRCULATOR PERFORMANCE 


I=B=R Research Home and elsewhere has indicated that dirt patterns may be 
eliminated by reducing the design water temperature in the radiant baseboard 
to 200 F or lower. This decreases the convection currents set up by the radiant 
baseboard, and, hence, reduces the magnitude of the temperature gradient near 
the wall. 
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SUMMARY AND CONCLUSIONS 


A summary of the test results of this investigation and the conclusions that 
may be drawn are as follows: 

1. The radiant baseboard is particularly adapted to maintaining comfortable floor 
slab temperatures in a basementless structure, since long, low units of this type cover 
a large percentage of outside exposure. 

2. Average air temperatures, as measured three inches above the floor, were 
approximately 70 to 71 F for all indoor-outdoor temperature differences encountered 
when the temperature at the 30-in. level was 72 F. 

3. Temperature differences between the occupancy zone, as measured 3 in. and 30 
in. above the floor, were only of the magnitude of a degree and a half to two degrees. 

4. The hot-water heating system using radiant baseboard responded quickly to 
sudden changes in load, thus maintaining constant room air temperature even while 
the outdoor temperature was changing rapidly. 

5. The problem of maintaining adequate indoor humidities for comfort in winter 
cannot be separated from consideration of good vuilding construction. At 10 F out- 
door temperature, 22 percent relative humidity was obtained in the basementless home. 

6. Fuel consumption was not affected by setting of the adjustable differential on 
the thermostat. However, water temperatures in the radiant baseboards, and conse- 
quent fluctuations in room air temperatures, were affected. The longer lengths of the 
on and off periods of the burner and circulator resulted in greater fluctuations of 
room air temperatures. 

7. Faint dirt patterns were observed on some of the walls above the radiant base- 
board after nine months of operation. Dirt patterns of this type can be eliminated 
by limiting the water temperature to a maximum of 200 F. 
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DISCUSSION 


G. S. MacLeop, Chicago. Ill.: I would like to ask: (1) Were the radiant base- 
boards in the test house covered by cabinets or fixtures during any of the tests? 
(2) What effect, if any, would this have on the emission of radiators so placed? 
(3) Has any determination been made of the relative amounts of heat transfer by 
radiation and by convection of the type RC and type R radiators? 


E. R. Teske, Chicago, Ill.: I think the authors are to be complimented for a 
fine paper. However, I feel that the last paragraph of their conclusion is open to 
further consideration and possibly a few questions. They state that smudging can 
be eliminated with RC type or radiant baseboard by limiting the water temperature 
to 200 F or less. Actually, this is not apparently backed by test data. 
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We have a local contractor who has done a number of installations in that field 
and was particularly concerned about smudging, since he had installed over 1000 units 
and some were creating complaint calls. As no information was available, he made 
a test installation in his own shop. An exposed 12-in. brick wall, furred and plastered, 
served as the test rack for the baseboard units being compared. Insulation was pro- 
vided in the furring space. The floor was a concrete slab on the ground. The room 
had a large metal casement window above the units under test. It was a pipefitting 
storage area and the concrete floor was bare. Consequently, dirt and dust conditions 
were severe. 

This installation was operated continuously for a period of 90 days at a minimum 
of 215 F water temperature. The test rack had three convector-type baseboard units 
installed in series. He found that the determining factor in smudging, as indicated 
by visual comparison and recorded by photographs, was definitely the physical shape 
of the enclosure, notably the position of the air outlets. The front outlet types were 
definitely superior to the top or slanted outlet designs in the elimination of smudg- 
ing characteristics. 

So it seems that, while the water temperature has some influence, it is minor in 
comparison to the actual physical characteristics of the air pattern from the base- 
board units. In view of the large use that these units are finding in competitive types 
of construction, it is an economic burden when you ask that the system be designed for 
less than 215 F water. 

There is also the point in mind that a survey was made of Chicago weather con- 
ditions for the last twenty years, and, during the normal heating season, it was 
found that there were only 3 percent of the days which required over 200 F water 
if a modulating hot-water system designed on 240 Btu output was used. 


Mr. Ljunggren, the contractor who made this investigation, feels that water 
temperature is not the answer and that, if such a statement were to find its place 
in THe GuipE, eventually it would condemn as unsound engineering practice all 
installations that had been made on 240 Btu output, and also would present economic 
limitations to the application of this type of heating to the low-cost housing now 
in demand and in which baseboard could be installed quite cheaply. 

I would like the authors to enlarge on the paragraph which more or less relates to 
the cleanliness of the system. It says other field installation, or something to that 
effect. Maybe the authors can explain further why they gave 200 F water tempera- 
ture limitation as the answer. 


Avutuors’ CiosurE: We will attempt to answer Mr. McLeod’s questions first. In 
order to place all of the radiant baseboard in the kitchen along an outside wall, it was 
necessary to install a 3-ft section directly behind the stove. Any effect on output due 
to the obstruction was not apparent as the room heated satisfactorily. The radiant 
baseboards in the bath and rear bedroom, which was actually used as a nursery, 
were entirely free of obstructions. In the front bedroom and living room, however, 
furniture and draperies or curtains partially covered the heating units. Furniture 
placement was entirely at the discretion of the occupants. The draperies in the living 
room extended to the floor, and, when pulled, entirely covered the section of radiant 
baseboard directly beneath the windows. Although there were times when the drap- 
eries remained pulled, there was no noticeable effect on the comfort of the occupants. 

As far as the relative values of heat transfer by convection and radiation from 
baseboard heating units are concerned, nc «ork has been done’ at the University of 
Illinois to determine these various percentages. 

Mr. Teske requested further discussion on the last conclusion of our paper which 
deals with dirt patterns. The design temperature of the water in the radiant base- 
board in the basementless home was 215 F. This was on a minus 10 outdoor tempera- 
ture and a 70 F indoor temperature. Since some minus 5 F temperatures occurred in 
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Urbana during the 1947-1948 heating season, the heating system did operate near 
design conditions. These high water temperatures and resultant convection currents no 
doubt contributed to the formation of dirt patterns. 

Photographs of the baseboard and the wall directly above in the basementless house 
were made before the heating system was turned on and again after nine months of 
operation. In the kitchen, where one is likely to have more dirt and a greater 
disturbance of that dirt or dust, faint dirt patterns were formed. The character of 
these patterns were of this nature. Directly above the long slot in the front of the 
RC unit, the dirt deposits on the wall are fan-shaped. On the section of wall between 
the two slots, the smudging appears as an inverted fan. 

Types R and RC radiant baseboards were also tested in the I=B=R Research Home. 
These systems were also designed on a water temperature of 215 F. Faint dirt 
patterns with the type RC baseboard were observed, but the pattern was not as pro- 
nounced as that obtained with small-tube radiation. 

We can appreciate Mr. Teske’s concern over placing a limitation on the design 
water temperature, but it is true that, with any given design of radiator, the lower 
the operating temperature, the lower the tendency to cause dirt streaks on walls. 

We do agree with Mr. Teske that the design of the unit is an important factor in 
the cause of dirt patterns. Our tests were all made with a front-outlet type RC unit 
which admittedly is superior to the top-outlet design as far as cleanliness of operation 
is concerned. It is possible that some change in design of the units tested would help 
to reduce further the formation of a dirt pattern. 
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HEATING PANEL TIME RESPONSE STUDY 


By A. B. Atcren* Ben CisceL**, MINNEAPOLIS, MINN. 


5 ew problem of securing optimum comfort through automatic controls is 
often considered only after a house and its heating system are designed and 
built. Ordinarily such a heating system is designed or chosen on the basis of 
cost and its ability to supply the steady-state heat losses for the structure. The 
control problem is then a matter of selecting control equipment which is suitable 
to the rest of the installation, but which must also provide maximum comfort 
per dollar. The increasing number of homes being constructed with floor panel 
heating systems led to this study of the heat storage effects in the controlled 
system. In this study, heat input rates and losses were an important consideration. 


EXPERIMENTAL House 


These tests were conducted in a small, well-insulated house (Fig. 1) without 
windows, and with only one door. The heating panel was a 4-in. concrete 
slab laid on 9 in. of crushed rock, with periphery insulation of rigid fiber board. 
The general arrangement and piping layout are shown in Fig. 2. 

During the tests, only natural ventilation was used. The panel circulating 
water was heated by a heat exchanger connected to a steam system. The com- 
plete control system, as shown in Fig. 3, permitted considerable freedom in the 
choice of tests to be performed. The controller had two main sections: (1) for 
the hot water temperature, which depended upon the steam input to the heat 
exchanger; and (2) for determining the amount of hot water to be mixed 
with the recirculating water as a function of inside and outside temperatures. 

More than a hundred points of temperature measurement, including the floor 
panel, were variously located inside the house. The room air temperature was 
measured by a system of wire thermocouples mounted about 4 in. from each 
wall and shielded from direct panel radiation. The average of these readings 
was taken as room air temperature. The mean radiant temperature was deter- 
mined by networks of 12 thermocouples taped to each of the wall, ceiling and 
floor surfaces. The reading for each surface was weighted according to the 
area involved in calculating the mean radiant temperature. 


* Prof of Heati Ventilating, and Air Conditioning, University of Minnesota. Member of 
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**Control System Analyst, Minneapolis-Honeywell Research Division, Minneapolis-Honeywell 
Regulator Co. 
Presented at the 55th Annual Meeting of THe American Society or HEATING AND VENTILATING 
Enotneers, Chicago, Ill., January 1949. 
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Studies of random temperature variation in this and other houses led to the 
conclusion that ordinary control action produced temperature changes too small 
to be accurately traced in terms of time response. Hence, the investigators 
decided to produce large temperature changes artificially, so that all the quan- 
tities involved would be measurable. Even though heat losses are not linear 
with mean temperature, it was considered better to have large readings with 
possible errors up to 5 percent, rather than to have small readings difficult 
to interpret. 


Fic. 1. EXPERIMENTAL HOUSE, UNIVERSITY OF MINNESOTA 


The transient conditions were initiated as follows. With the house under 
ordinary steady-state control, the inside controller was turned off and the recir- 
culating valve was set for maximum hot water input to the panel. During the 
test, one or more recorders were used to record temperatures at a number of 
points of interest (up to 48 points, in some cases). 


TRANSIENT RESPONSES 


The primary factor in house temperature control is the time lag of the heat- 
ing panel. The authors were interested, however, in the transient conditions 
occurring in the complete heating system. Thus, the investigators began with 
the artificial demand for heat, and then measured water, panel, wall, and air 
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Fic. 4. TRANSIENT RESPONSES WITHIN THE HOUSE 


temperatures. Some of these are shown in Fig. 4, with elapsed time as the 
independent variable. 

In a study of the control problem, the actual values of temperature are not 
as important as the time required to reach the final (or some percentage of 
final) temperature. For that reason, the curves of Fig. 5 show the transient 
temperatures in terms of percentage change. 

In the study of transient conditions, the times-of-response are often compared 
at the 63 percent mark; that is, where the temperature (or other variable) has 
gone through 63 percent of the difference between the initial and final values. 
Although these panel and house responses are more complicated than those pro- 
duced by a single mathematical time constant, the responses can be compared 
at the 63 percent level. It will be noted in Fig. 5 that almost 4 hours were 
required by the panel to reach the 63 percent level. 
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The unique aspect of the data of Fig. 5 is not the panel lag, but in the hour 
and quarter lag of the room air behind the panel surface at the 63 percent 
criterion line. The west wall is included in Fig. 5 merely to indicate the trend 
of surface temperatures during the transient conditions studied. The surface 
temperatures of the other walls and of the ceiling were about the same as 
those for the west wall. 


TEMPERATURE MEASUREMENTS 


The literature concerning comfort in terms of air and mean radiant tempera- 
ture is extensive. For that reason, the experimental house was instrumented 
and constructed to facilitate measurements of surface temperatures and air 
temperatures. 

The fact that the floor surface temperature was so far above room air tempera- 
ture would lead most people to expect that the mean radiant temperature would 
be greater than the room air temperature in both time and magnitude. The 
curves of Fig. 6 show the actual temperatures for Feb. 1, 1948, in the well- 
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Fic. 6. MEAN RADIANT AND ROOM AIR TEMPERATURES 


insulated test house, where the mean radiant and room air temperatures differed 
by about one degree. 

Tests on other days tended to verify the fact that mean radiant temperature 
(MRT) and air temperature T, were generally within a degree of each other, 
even during transient conditions as sudden and as large as those obtained 
in these tests. This MRT did not take into account the temperature of doors 
and window areas. In a well insulated home having normal percentages of 
window and door area, however, the results would not be significantly affected 
by the temperature of these surfaces. Another point to be considered is the 
lack of ventilation, except that due to infiltration. This is being studied further 
for inclusion in a future report. In addition, this investigation is being expanded 
to include the effect of large window areas. 


Heat Input Rates 


In Fig. 5, the curves of inlet and outlet water temperatures vary widely from 
design values. Since water was constantly recirculated in the panel at a rate 
of 1.5 gallons per minute, the difference in temperature between inlet and 
outlet water was directly proportional to heat flow in Btuh. 
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Although the ordinary design calculations for a house of this type would 
indicate a design load of about 3000 to 5000 Btuh, the authors’ transient heat 
inputs ran several times that amount. These flow rates are shown in Fig. 7, 
with the heat supplied to the panel appearing to be about six times that required 
to offset normal house losses. These large heat inputs could not be correlated 
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Fic. 7. HEAT FLOW RATES DURING TRANSIENT CON- 
DITIONS 


ELAPSED TIME IN HOURS 
Fic. 8. RooM AIR TEMPERATURES DURING 
TRANSIENT CONDITIONS 


directly with inlet water, outside air, or floor surface temperatures. However, 
the room air temperatures (see Fig. 8) rose in succeeding tests. This seems 
to indicate a change in the storage or heat loss factor for the house after several 
heating cycles. 

The trend of heat input rate (becoming progressively smaller) was reversed 
in the March 24 run, This reversal may have been due to a general thawing 
around the perimeter of the panel. (A study of temperatures on the preceding 
days showed a minimum temperature of —26 on March 11, although the average 
outside temperature for the week preceding the date of the test was +39 deg.) 
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A cooling run is also shown (March 25, Fig. 7) giving an indication of heat 


flow back out of the panel after a heating run on the preceding day. This was 
accomplished by running cool water through the panels. The cooling run (Fig. 
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Fic. 10. TiME INTEGRAL OF HEAT INPUT RATES 


7) indicates that much of the heat input to the panel was stored below ground 
and was available for return, depending upon the temperature level. However, 
much of this energy would probably have been lost in the earth if the cooling 
run had not been made. 

The rate of heat input (shown in Fig. 7) brings up the question of total 
heat input to the panel system during a given period of time. For example, 
the data of Fig. 9 show a sudden heat input to the panel, with the calculated 


i 
+ + 4 —+ + —— +4000 
TIME IN HOURS 
Fic. 9. TypicAL TRANSIENT TEST CONDITIONS ‘ 
| | 
| 
o-—— + + + ——— 
| | | 
TOTA! 
| | 
TIME IN HOURS 


190 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


heat input rate reaching a maximum of about 14,000 Btuh. Also shown in 
Fig. 9 are the average temperatures at the underside of the floor panel and 
at the bottom of: nine inches of crushed rock fill. The temperature at the bottom 
of the crushed rock fill (under the panel) showed little change even after 
10 hours. 

Attempting to account for these heat inputs, the authors calculated and plotted 
the storage in the panel (Fig. 10). The large difference between total heat 
stored in the panel and total heat supplied to the panel system indicated that 
panel storage accounted for only a part of the total heat input. The house 
thermal load accounted for about 2500 Btuh or a total of 25,000 Btu over the 
10-hour period. About 50,000 Btu then remained to be accounted for by storage 
in the fill or structure, and by periphery losses. The need for insulation between 
the panel and the rock fill, as a means of improving the temperature response 
of the panel, is apparent. 

At the end of 10 hours, the total heat supplied to the panel system was about 
116,000 Btu, of which 25,000 had been transferred into the house. This indi- 
cates that, if some system failure should cause a panel to be cooled, only a 
fraction of the heat supplied on resumption of heating would go into the house 
until the panel and fill came up to temperature. 


CoNCLUSIONS 


1. The tests indicated that the.mean radiant temperature was generally within a 
degree of the room air temperature. 

2. The maximum air temperature rise rates were about 8 deg per hour and 
usually occurred about an hour after the heat input had been increased. Floor 
coverings or a smaller heat-input to the panel would further delay the rise of room 
air temperatures. 

3. Heating plants for floor-panel heated houses should be capable of supplying 
heat well above the expected demand in order to take care of transient heat storage 
and losses. 

4. Measurements taken before and after these periods of transient conditions 
show that steady state losses were within reasonable limits as contrasted with the 
excessive heat inputs required during heating up periods. 

5. The air temperature was higher than the wall and ceiling temperatures. This 
indicated some heat transfer to these surfaces by convection and conduction as well 
as radiation. 

6. The transient conditions in these tests were much larger than those which 
would be encountered in normal control operations, but the time lags involved 
should be independent of the temperature variation range. 
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DISCUSSION 


E. A. Jones, Dayton, Ohio: The information presented in this paper is valuable, 
interesting, and timely. 

I am particularly interested in paragraph 2 of the Conclusions, reporting a tem- 
perature rise of about 8 deg per hour. To get control, it is necessary to control 
the addition of heat in the house, but a reversal of the temperature trend outside 
may require rapid reduction in the heat supplied. I would like to inquire whether 
the authors found, because of the large amount of heat storage, that the drop 
was of the magnitude of 8 deg per hour or more, or less. My own experience is 
that it might be even slower than the rise. ; 

Mr. Ciscel suggests that because of the large input required to speed response, 
the heating equipment in panel-heated jobs of this sort should be rather oversize in 
comparison to other systems. What consideration has been given to taking care of 
the reversal in temperature? Carrying his reasoning to the other extreme, it would 
appear that, to secure good control, it would perhaps, be advisable to leave off 
storm sash and insulation. Will you comment on this point? 

The ratio between heat loss and thermal mass of heating equipment, including the 
floor slab or panels, is also important. Outdoor controls cannot predict sufficiently 
in advance rapid changes in heat demand when response is slow, if there is a rapid 
rise in outdoor temperature with sun effect through glass. A formula which could 
be used to avoid uncontrollable systems due to too great mass ratio would, I believe, 
be helpful to the industry. 


A. S. Curptey!, Libertyville, Ill.: My question also is directed to Mr. Ciscel. 
We are conducting a series of tests on a radiant system whereby we suspend a 
series of horizontal pipes from the ceiling and attach aluminum facing panels to those 
pipes to form a suspended ceiling. Hot water is circulated through the pipes. The sur- 
face temperature of this ceiling responds quickly to changes in circulating water 
temperature. We are presently controlling the system (it is in our drafting room) 
by an ordinary room thermostat, which, currently, is cutting the circulating pump 
on for about 10 min and then off for roughly 20 min. 

We know from measurements that the ceiling cools off rapidly after the water 
is shut off. We also know that the room feels comfortable—no variation in tem- 
perature is felt. Recording thermometer charts taken at head and floor levels show 
no variation in temperature. 

My question is: What are we measuring? We know that the radiant emissivity of 
the ceiling is high for a part of the time, after which the ceiling rapidly cools to 
room temperature (or below, since we are also using the ceiling area to introduce 
fresh air). Yet our air temperature is uniform, according to recording charts. Does 
the uniform chart necessarily mean comfort? 


G. S. MacLeop, Chicago, Ill.: This question is also addressed to Mr. Ciscel. In 
your paper, you describe the method of using 12 thermocouples taped to each wall 
surface in finding the mean radiant temperature of the room. What correlation exists 
between this method and the use of such instruments as the eupatheoscope or the 
globe thermometer ? 


AvutuHors’ CLosurE (Mr. Ciscel). The first question was that cf the correlation 
between the globe thermometers and the system of wa!l surface thermocouples that 
we use. I do not know of any. There may be in suime ‘nstances. 

When we started out, we had a complete system ot thermocouples. It seemed the 
natural tendency, therefore, to continue with what we had, and so we put in a system 
of thermocouples on the walls. Perhaps, the method was approximate. Nevertheless, 
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the data obtained from 12 thermocouples in a room of this size were considered satis- 
factory. No correlation with the eupatheoscope reading was attempted. 

In regard to Mr. Jones’ question, the data did not disclose the entire procedure. 
If you refer to Fig. 7 of the paper, you will see that, at one time, March 25, we ran 
a cooling run. We had been running these heating runs during which we ran in hot 
water. It seemed like it might be interesting to turn around and run cooling water in 
and to see how much heat we could recover from the panel system. As you can see, 
we did fairly well. The amount recovered depends upon the temperature of the water 
circulated. There is, nevertheless, a possibility of running in cooling water. Of course, 
if you have the same temperature differential between the water that you run in to 
heat and the water you run in to cool, you can get the same rate of change of room 
air temperature. 

As to the suggestion of leaving insulation off and so on, I think it has merits in 
some respects. It seems to be the standing joke of people in the control business, 
to ask the occupants, How is the control system working? They say, Oh, fine. It 
does not overshoot or anything. And then they add, If it gets too hot, we just open 
the windows. 

This is really an indication that the control system has broken down. Yet they 
think it is adequate because all they have to do to correct the condition is to oven 
the windows. Obviously, we do not feel that this is an answer. If you install a con- 
trol system, it is supposed to be a control system, whether the windows are open or 
closed. 

The control system shown in Figs. 2 and 3 does control this system. We have a 
second one, developed this past winter, that is much simpler. It also does a good 
job and is one used in the tests lately. I can say definitely that we do not have to 
open windows to make a good control system work, even though the possibility of 
dropping the panel temperature is a difficult problem. 

Mr. Chipley asked about what he was measuring. That is always a problem. 

First of all, let me make one statement about the system under control and the con- 
trol system. These are two different items. In this instance, the system under control 
is a panel system with a source of hot water. The controlled system includes the 
panel and the controls. In other words, the thermostat on the wall, the reset device, 
the valves and all the rest, and the responses obtained from the controlled system are 
not necessarily the same as those you get from the panel alone. In this paper, we in- 
vestigated the panel alone. It is a separate investigation to see how well the control 
systems control. We are not disclosing that information as a part of this paper. All 
I can say now is that it does and we have curves to show you, if you are interested. 

In answer to whether Mr. Chipley was measuring comfort within the room, I think 
that is something which extends beyond the realm of engineering. Maybe that is a 
strong statement. My own feeling is that, when you talk comfort, you are talking 
about things that are psychological, physiological, and so on—all those deeper rami- 
fications. No one can set up a criterion that will hold in all circumstances. In other 
words, if you come home and your feet are wet, you want a different temperature 
in the home than when you come home and you are already nice and warm. All 
those things are part of the comfort equation and they are hard to express. I really 
cannot answer what it takes to make comfort. We know, in general, when we are 
healthy and when we are comfortable and at ease, but there are no words to describe 
how you can sit down and be comfortable in 72 F. 

Beyond this, there are all sorts of boundary conditions that make it difficult to say 
what you are measuring when you measure something in a house. 
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This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


INTRODUCTION AND SCOPE 


—o air distribution is one of the arts of air conditioning wherein many 
new data are continually needed to simplify and expedite design work and 
installation analyses. The general nature of this need in relation to the 
A.S.H.V.E. Research Program has been discussed previously!. 

This paper, developed under auspices of the Technical Advisory Committee 
on Air Distribution?, presents an introductory discussion of turbulence as an 
air-distribution phenomenon of vital fundamental importance and is one of a 
long-term series being developed to meet engineering needs for new data and 
more comprehensive application principles. 

The first simple concepts of turbulence, which are important in appreciating 
the art of air distribution, will be reviewed. Engineering applications will be 
indicated for duct friction, turbulent diffusion, and free jets. 


Tue Force-MoTIoN VIEWPOINT 


For better understanding of the fluid-flow problems of controlled air distri- 
bution, consider the fundamental question of what goes on within a body of 
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air in motion. A small element of air mass is set into motion by forces acting 
upon it. Any change in the state of motion is brought about by further force 
action, with an acceleration or deceleration being opposed by the inertial force 
of the elementary air mass itself. Thus, an engineering approach to the 
diagnostic study of air distribution may be built about an analysis of all of the 
forces which influence air motion. Data and design methods recognizing such 
forces, in relation to the independent variables of an installation, will yield 
controlled air distribution. 


The main forces which act within a moving body of air under conventional 
air-conditioning conditions are: (1) static pressure differences; (2) inertial 
forces (whenever acceleration acts); (3) buoyancy forces (caused by density 
differences) ; (4) shear forces (most evident at solid boundary although also 
very important within fluid body); (5) gravitational attraction (often a 
negligible effect in air-conditioning systems). 

Given definite expressions for each force entering a particular problem, 
equations of motion may be written which, when solved, yield the velocity and 
acceleration of the fluid body as a function of position and time. This pro- 
cedure is easy to state but commonly quite difficult to attain because of practical 
impediments which are: 


1. Turbulent nature of the air motion: Where turbulence exists, the pressure, velo- 
city and temperature are in a continual state of rapid, random, fluctuation which can 
be so complicated as to defy either exact mathematical expression or direct exjeri- 
mental measurement beyond simple exploratory observations. 


2. Inadequate means of expressing turbulence-dependent force in terms of simply 
attainable experimental data: In order to describe the fluid behavior in the form of 
equations which can be solved, all forces and turbulent actions need to be related to 
the primary easily-measurable variable of the fluid motion. Complicated turbulence 
behavior must be reduced to a relatively simple form of expression. This can be 
achieved for important practical cases at present only through experimentally-based 
empiricisms which lead to approximate engineering solutions. 

3. Mathematical obstacles: While it may be possible to write the fundamental 
equations of fluid motion in mathematical notation, it is not always possible to solve 
these equations and thereby establish concise engineering results. Approximations 
and empiricisms must then be used and are invaluable engineering tools, although often 
subject to misuse. 


Let it be emphasized, however, that, despite these impediments, there have 
been established many valuable engineering results based upon the simple funda- 
mentals of turbulence. The future will undoubtedly sec many more practical 
advances, for the research incentive is keen, especially in aerodynamic prob- 
lems. 


ELEMENTARY TURBULENCE CONCEPTS AND QUANTITIES 


Turbulence is the physical phenomenon which takes place within a body of 
fluid in motion whenever small but finite fluid particles undergo an irregular 
violent commotion and agitation which sets in spontaneously as a process of 
dissipating (degrading) the availablet energy of directed fluid motion. 


t Available energy as used here refers to static pressure and directed kinetic energy. 
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Manifestation of turbulent flow is observable in the body of a moving fluid 
through the erratic paths of small suspended particles and the continual random 
creation, interaction and destruction (as individually distinguishable entities) of 
innumerable small eddies. In this condition of flow it is not correct to speak 
of a certain velocity, pressure, or temperature as existing independent of time 
at a particular point. Instead, each of the variables of the fluid state must be 
regarded as undergoing continual and irregular fluctuations. 

Representation of fluctuating quantities is conveniently accomplished by ex- 
pressing them as the sum of two magnitudes; a mean value (mean with respect 
to time at a fixed position), and a superposed fluctuating component. Adopting 
capital letters for mean quantities, lower-case letters for fluctuating components, 
and considering a two-dimensional flow as represented on the xry-plane, in- 
stantaneous quantities are written as follows: 


Static pressure = P + p 

Temperature = T 

Velocity, x-direction component, = U + u 
Velocity, y-direction component, = V + v 


Each fluctuating quantity varies rapidly at random, may be either positive 
or negative at any instant, and must necessarily have a mean value of zero. 

The practical significance of turbulent fluctuations may be demonstrated by 
considering only the velocity fluctuations in an isothermal constant-static-pres- 
sure, incompressible, unidirectional flow stream, i.e., with V = 0, P = constant, 
p= constant and T = constant for all positions. 

Picture an elementary lattice volume in the stream of unit length perpen- 
dicular to the xry-plane, Fig. 1. For conditions of purely laminar flow, when 
turbulence is not present, the forces per unit area acting in the x-direction are: 


1. A static pressure which is the same on both the x and (x + dr) faces. 
2. A viscous shear stress which is written as 


dU 
(tv)y =), 
or 


When turbulence exists, the velocity fluctuations produce additional stresses, 
commonly called the virtual stresses of turbulence. For the simple condition 
in which these turbulence stress components are the same at all points in the 
region considered, the additional stress magnitudes acting in the x-direction in 
Fig. 1 are: 


1. A pressure caused by the wu fluctuations. 


2. A shear stress caused by the transfer of the u-fluctuation momentum in the y- 
direction through the particle-transporting action of the v fluctuations. 
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do 


do 


Ki 


NOMENCLATURE} 
pipe radius, feet. U= mes velocity, 
? - eet per second. 
bo = slot width for Equation 34, ™ 
feet. “u = x-component of fluctuating ve- 
P locity, feet per second. 
concentration, pounds per 
cubic foot. V = y-component of mean velocity, 
feet per second. 
unit heat capacity at constant 
pressure, Btu per (pound) v = y-component of fluctuating ve- 
(Fahrenheit degree). locity, feet per second. 
differential operator, dimen- Ue = mean velocity on pipe axis, feet 
sionless. per second. 
initial jet diameter for Equa- Umean = mean velocity through pipe, 
tion 35, feet. feet per second or feet per 
minute. 
eddy diffusivity, square feet 
per second. Uo = initial mean velocity of jet, feet 
friction factor, dimensionless. 
= 
empirical constant in Equation 0 Vv *0/6, feet per second. 
25, dimensionless. Uz = V/ 7/p, feet per second. 
thermal conductivity, Btu per w = source strength, dust particles 
(hour) (square foot) per (Fahr- by weight per second. 
enheit degree per foot). 
aiegiaiaianamiie x = coordinate dimension, feet. 
V x? + y?, feet. ; é 
mining tengthh, fect. y = coordinate dimension, feet. 
= eddy conductivity, Btu per 
ag turbulence, Equation (hour) (square foot) (Fahren- 
heit degree per foot). 
diffusion mass transfer, pounds 
per (hour) (square foot). ¢ = eddy viscosity, square feet per 
second. 
Reynolds Number for pipe 
flow, dimensionless. y = kinematic viscosity, square feet 
per second. 
mean static pressure, pounds 
per square foot. y» = absolute viscosity, (pound) 
fluctuating component of static (second) per square foot. 
pressure, pounds per square e = massdensity, (pound) (second)? 
oot. per (foot)¢. 
heat transfer, Btu per (hour) 
= she “ss, pounds per square 
(square foot). oy 
correlation defined by Equa- to = shear stress at pipe wall, 


Rs 


tion 5, dimensionless. 


correlation defined by Equa- 
tion 6, dimensionless. 


= time interval, seconds. 


mean temperature, Fahrenheit 
degrees. 


fluctuating component of tem- 
perature, Fahrenheit degrees. 


pounds per square foot. 


shear stress from viscous action, 
pounds per square foot. 


shear stress from turbulent 
action, pounds per square foot. 


+A bar over a symbol or product denotes a 
mean value thereof. 
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The bar over a product denotes a mean value and p is the fluid density [mass 
density, (pound) (second)2/ (feet) 4]. 

The total stresses for turbulent flow are the sum of the turbulent and viscous 
effects, as indicated in Fig. 1. 

The development of the basic ideas continues with the quantities, intensity, 
correlation, and scale, and with the condition of isotropic turbulence. 

1. Intensity: Although the mean value of u is zero because on the average, the 
positive and negative fluctuations cancel each other, the mean square fluctuating 


velocity, u2, is always positive and finite. The mean x-direction kinetic energy of 


P+put 


(x,y) 


+ piv 


Fluid motion 


x 


Fic. 1. Forces PER UNIT AREA ACTING 
THE, 4-DIRECTION ON AN ELEMENTARY 
FLUID VOLUME IN TURBULENCE FLOW 
wiTH T, P, AND p CONSTANT AND WITH 
UNIFORM TURBULENCE CONDITIONS 


the turbulent fluctuations is measured by u?; and ‘u2 thus serves to indicate the 
violence of the turbulence. The intensity of the turbulent velocity fluctuations is defined as 


Intensity magnitudes encountered in practice vary from a small fraction of a 
percent to as much as 20 percent or so. 

2. Correlation: The condition that the mean product of the two fluctuating veloci- 
ties at some point in the fluid, uv, should be other than zero is that a correlation 
should exist between them. This correlation, FR, is a statistical quantity defined as 


The magnitude of R may vary between Q and 1, inclusive. If R=0, then the 
fluctuations u and v are completely unrelated. If R=1, then u and wv are uniquely 


Y 
T=: +piv 
u2 
u? 
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interrelated; that is, for each and every value of one of the quantities there is a 
corresponding single definite value of the other. If R has some intermediate magni- 
tude, it means that for some particular value of one quantity the other quantity will 
have only a most probable value with the chance being that its value may scatter 
within a considerable range above or below this most probable value. The smaller the 
magnitude of FR, the greater is the range of possible scatter. 

Fig. 2 illustrates the idea of a correlation. Imagine that corresponding instantan- 
eous values of u and v were to be plotted. Sketch (a) shows a condition of no 
correlation, sketch (b) shows a condition of R = 1, and sketch (c) shows a condition 
corresponding to an intermediate magnitude of R. 

3. Scale: Specification of a state of turbulence requires some relative measure of 
the size of the small eddies which characterize the conditions prevailing. Different 
definitions of scale are possible, and each has its use. The one to be presented here 
is of particular value in the analysis of turbulent diffusion. 


v 
be . . 
. 
(c) O<R<I 
“Most Probable" 
Relationship 
(a) R#O0 (b) 


No Relationship 


Unique Relationship 


Fic. 2. ILLUSTRATION OF THE CONCEPT OF A CORRELATION BETWEEN THE 


FLUCTUATING QUANTITIES 4 AND UV 


Fluid particles traverse continuous paths in turbulent motion. Imagine some one 
particle to be followed along its path in a region of uniform mean velocity U and 


uniform intensity u? and express the extent to which its fluctuating velocity com- 
U 

ponent us, existing after a time interval s from some initial instant when «= uo, 

is dependent upon u. in terms of the correlation R, defined as 


uz 
where 


ui = uo? = us? by the postulate of uniform intensity. 


At the initial instant, of course, R,=1; and as the time interval grows, R. 
approaches its ultimate magnitude of zero. When R,=0 it means that the par- 
ticle’s fluctuating velocity then is no longer in any way dependent upon uo. Since the 
motions of all particles which pass through a turbulence eddy or whirl must have some 
sort of characteristic continuity, one possible scale of the turbulence would be a proba- 
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bility-weighted mean distance of particle travel during the time interval required for 
R, to become zero. Thus, define the scale /, as 


Where the upper limit s. is the time interval required for Rs to become zero (and 
for s> So, R. =0 at all times). An equivalent expression is then 


Scale magnitudes are usually less than an inch in engineering problems, although 
a phenomenon such as atmospheric turbulence may have a quite large scale. 

4. Isotropic Turbulence: In the most general state of turbulence the scales and 
intensities have different magnitudes in different directions at any point in the fluid 
and are further different between any two points in the same direction. This case is 
at present too complicated to permit mathematical analysis to obtain practical results, 
and even an experimental study of such fluctuations involves a tremendous, almost 
prohibitive amount of instrumentation detail. By far, the greatest amount of factual 
knowledge and analyses to date have been established for the simplest condition of 
turbulence, called isotropic turbulence. 

In isotropic turbulence, the intensity and scales have the same magnitudes in all 
directions at any one point; hence, a single specification or a single measurement of 
these quantities completely determines the characteristics of the turbulence at the 
point being considered. Strict isotropy requires (as a consequence of the defining 
conditions) that the correlation R, Equation 5, be zero, which means that the turbu- 
lent shear stress of Fig. 1 must be zero and that all fluctuations are completely at 
random. 

Turbulence in engineering flow systems, strictly speaking, is almost always non- 
isotropic; but nonisotropic turbulence has a strong natural tendency to become isotropic 
if interferences such as solid boundaries, high gradients of pressure, obstacles, and 
like effects are minimized or far removed from the location being considered. Hence, 
as a practical approximation, the theories of isotropic turbulence have been ex- 
tended to the utmost for engineering expediency.? 


SomME ENGINEERING EMPIRICISMS 


Among the many empiricisms which have been variously considered to 
simplify turbulence as a practical problem, only a few of the more familiar ones 
will be mentioned here. Despite fundamental weaknesses, these have been of 
engineering utility. To be considered are the eddy viscosity, eddy conductivity, 
eddy diffusivity, and a kind of scale known as the mixing length. 

1. Eddy viscosity: While it is a fundamental accomplishment to express the vir- 
tual shear stress due to turbulence (Fig. 1) as 


= uv, 


engineering problems cannot be solved until the product uv is somehow expressed 
in terms of the independent variables of the flow. An early proposal for doing this was 
to assume that turbulence had an effect similar to an increase in the magnitude of 
the absolute viscosity, uw. Thus, an eddy viscosity, e, was invented which was to 
satisfy the defining equation, 


dU 


= 


| | 
= 
‘ 
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The total shear stress then was expressed in the form 


t dU 
where 


vy = w/o, the kinematic viscosity of the fluid. 


Extensive experimental experience was needed to validate this step. If € proved 
to be a definite characteristic of each type of flow and to be a simple function of the 
independent variables involved, then it could be accepted as a sort of property of 
turbulent flow. Accumulated evidence has served to disprove this broad hope, how- 
ever, and the eddy viscosity has become an empiricism which may be convenient but 
can be used only where data have been established to predetermine its magnitude. 


Fic. 3. ForM OF THE EDDY-VISCOSITY 
VARIATION ACROSS A CIRCULAR PIPE IN 
FULLY-DEVELOPED TURBULENT FLOW 


The typical variation of eddy viscosity across a pipe diameter for fully developed 
turbulent flow is sketched in Fig. 3. The maxima there shown at a position slightly 
less than half a pipe radius out from the wall indicate the region of most violent 
turbulent commotion and eddy-mixing action. Recognition of this is important when 
analyzing turbulent heat or mass transfer in pipes, for example. 

2. Eddy conductivity and eddy diffusivity: The virtual shear stresses of turbulence 
arise as a consequence of the turbulent transfer of fluid-particle momentum across 
surfaces within a fluid body. In a similar manner, turbulence has a strong influence 
upon heat transfer or mass transfer (diffusion) within a fluid body, and the empiri- 
cism of the eddy viscosity has been paralleled vy the invention of eddy quantities for 
turbulent heat and mass transfer. 

Consider a laminar fluid flow in the +-direction. The rate of heat transfer across 
the stream, in the y-direction, may be written as 


v y 
where 

k =the thermal conductivity and (d7/dy) is the temperature gradient. 


Next consider that the stream becomes turbulent and define an eddy conductivity, 
B, by the relation. 


aT 
(-+) = —(k + 8) Btu per (hr) (sqft)... (12) 


> i 
“ 
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For mass transfer, imagine that some substance is diffusing across the laminar 
stream. The rate of diffusing mass flow is 


(4+), Ib per (hr) (sqft) ........ (18) 


where 7 is the diffusivity for the substance and the fluid concerned, and (dC/dy) is 
the concentration gradient for the diffusing substance (concentration is expressed as 
the pounds of diffusing substance per cubic foot of fluid.) 

In turbulent flow, define an eddy diffusivity, D, by the relation 


m dC 
= + D) per (hr) (sa ft)... (14) 
Generally in fully-developed turbulenee the viscous terms are negligibly small in 
comparison to the eddy quantities in Equations 10, 12, and 14, so that the turbulent 
processes can be described directly as: 


Momentum transfer, 


dU 
/ 
Heat transfer, 
, oT 
Mass transfer, 
dC 
m/A D « 


3. Analogy approximation interrelating the eddy quantities: Engineering problems 
are frequently expedited, where data are otherwise lacking, by the use of some sort 
of an analogy between momentum, heat, and/or mass transfer. If the turbulence 
mechanisms of these three phenomena were similar, which is in many simple cases a 
workable, although inexact, approximation to be assumed, then Equations 15, 16 and 
17 could be further interrelated. The assumption would be expressed as 


3000p cp g 89 ft/sec . 


where 
g = 32.2 ft/(sec)? and 3600 is a time-unit conversion, hours to seconds. 
Successful practical applications of Equation 18 have been made.4 
4. The mixing length: An early turbulence empiricism which received considerable 
attention for a time was the so-called mixing length. A simple development of this 
idea will be given, following Prandtl.5 
Consider again a turbulent flow parallel to the x-axis with the mean velocity U a 


function of y only. The shearing stress on a horizontal plane in the direction of U, 
neglecting » compared to e, is of magnitude 


This shows that (7/p) is dimensionally the square of a velocity; let this velocity be 


dU ; 
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(where positive magnitudes are always understood under the square root signs). The 
eddy viscosity e has the dimensions (length + velocity). Assume that U, is this 
latter velocity, for it is the most significant one directly associated with the turbu- 
lence, and introduce an arbitrary length / to write 


Substituting Equation 21 and the relation r = p U,? into Equation 19, there follows 


The eddy viscosity can alternatively be expressed 


dU 
Equation 19 for the shear stress then can be writtentt 
dU 


The quantity / is called the mixing length; its advantage is merely its -imple defi- 
nition, and it is not a truly fundamental quantity. Its use may be empirically helpful 
for simple flow systems wherein both the shear stress and the mean-velocity distri- 
bution are known to follow simple formulas, for then / will be some simple function 
of position and of the flow variables. Wherever / is known in simple form, solution 
of the equations of motion for turbulent flow is facilitated. 

The name mixing length arose from another method of derivation wherein turbu- 
lent fluid entities are pictured as producing a shear stress by shooting back and forth 
between adjacent /ayers of fluid; and the mean distance of such travel is then /. 
From this latter aspect, / is a sort of scale of the turbulence. 


BriEF APPLICATION EXAMPLES 


Friction in Ducts and Pipes: Currently recommended duct-friction factors® 
were established from a systematic empirical treatment of turbulent-flow data. 
The development will be briefed here for smooth round ducts. 


First solve Equation 24 to obtain an expression for the mean velocity, U, as 
a function of radial position. Let y denote the distance from the duct wall 
measured radially inward. Then: 


1. By dimensional reasoning, set the mixing length proportional to some dimension 
characterizing the turbulence. The distance y is the simplest one, so take 


2. In pipe flow the shear stress, 7, is zero on the axis and increases linearly along 
the radius to reach a maximum, 7, at the wall; i.e 


tt Observing that the sign ™ must — as the sign of (dU/dy) changes, a mathematically 


rigorous expression is 7 = le “(4 


(23) 
(24) 
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where 
do = the pipe radius. 


3. Upon substituting Equations 25 and 26 into 24 and integrating to obtain a relation 
between U and y, there is obtained a velocity-distribution equation which can be tested 
by experimental data.5-7 It so happens, however, serving as a demonstration of the 
peculiarities of empiricisms, that the result of these steps is in poorer agreement with 
experiment than is the result of assuming that t= 7. throughout the pipe and then 
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Fic. 4. NIKURADSE’S DATA ON THE VELOCITY DISTRIBUTION FOR 
TURBULENT FLOW IN SMOOTH PIPES AS EMPLOYED TO ESTABLISH THE 
VELOCITY-DISTRIBUTION FUNCTION OF EQUATION 29 


solving for the velocity distribution. This latter procedure yields Prandtl’s famous 
logarithmic velocity-distribution law, 


Ue-U_ 1) (a0 


where 


Uc = mean velocity at the pipe axis 


This form of expression agrees very well with the velocity-distribution data 
of Nikuradse,®-* although its derivation is not fundamentally rigorous. But 
any equation which represents engineering data over an established range has 
practical value no matter how it may be obtained, and proceeding from the 
demonstrated utility of Equation 27 further useful relationships are attainable. 
Note that U* and the conventional friction factor,® f, are related: 


ur = = Veen 


| 
J 
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where 
U mean = mean fluid velocity over the pipe cross section. 


Final equations of great practical importance, with empirical constants de- 
termined from Nikuradse’s data for turbulent flow in smooth pipes, are the 
following : 


The velocity distribution: 


U* 
= 5.5 + 5.75 loge (2° ). 
The friction-factor relationship: 

= 2 log (Nee Vf) -08....... (30) 

32 36 40 a4 48 52 36 
(Nag 


Fic. 5. NIKURADSE’S DATA ON FRICTION FAC- 

TORS FOR TURBULENT FLOW IN SMOOTH PIPES AS 

EMPLOYED TO ESTABLISH THE FUNCTION OF 
Equation 30 


Figs. 4 and 5 show how Equations 29 and 30 represent Nikuradse’s data. 
The velocity distribution§ refers only to the turbulent core; near the wall, viscous 
effects become important and the flow pattern changes. Other similar re- 
lationships are applicable to rough pipes’. 

The preceding material is but one example of the many ways in which 
turbulence empiricisms have been of great practical utility to the engineer in 
treating turbulent flow. 

Turbulent Diffusion: The processes of turbulent diffusion whereby mass or 
heat spreads across a turbulent stream are of wide technical importance. Turbu- 
lent diffusion in substantially isotropic streams, of cross section large enough 
to permit instrumentation without distorting the flow, can be studied by rela- 
tively simple methods; and this fact has been used in obtaining measurements 
of intensity and scale for application to various practical problems® % 1°, 

One little-investigated application to an air-conditioning problem would be 
the treatment of dust transport and deposit in large ducts according to the theory 


§ The validity of the Nikuradse data, in the immediate vicinity of the pipe wall, has recently been 
questioned, but the region in question has been excluded from the range of Fig. 5. 
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of sediment transport in turbulent streams?2. A very simple related problem, 
suitable as a brief illustration, would be the spread of dust particles introduced 
in the air stream of a large duct at a uniform rate from a point source. The 
equation of turbulent diffusion will be given for this case, neglecting any 
gravitational settling of particles, and applicable under conditions where: (1) 
the mean velocity U is constant, (2) the turbulence is at least approximately 
isotropic, (3) the intensity and scale of the turbulence are constant (or, alter- 


0.5- = 
0.3r 
ft x25 ft ft 
Source ¢ X, feet 
-0.1F 
-0.3- 
-0.5+ 
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Fic. 6. RELATIVE DISTRIBUTION OF DUST-PARTICLE CONCENTRATION DOWNSTREAM 
FROM A POINT SOURCE (EguaTiIon 33) 


natively, the eddy diffusivity is constant), (4) the dust particles have a small 
enough inertia not to be thrown out of the turbulence eddies, and (5) the dis- 
tance downstream from the source is greater than 1,. The dust particle con- 
centration!? as a function of the position coordinates (+, ), with the source at 
the origin, and letting 


-U 
w 


L=Vx?+y¥?,isC 


where 
C = dust particle concentration in parts by weight per unit volume. 
w = the source emission, dust particle parts by weight per second. 
D = eddy diffusivity, square feet per second. 


When (L—-) is a small quantity, the sagitta formula gives 
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z=distance referred to equivalent point source 

of jet. Surrounding air at rest with temperature 

of 714 F. Jet rising vertically. 

Fic. 7. EXPERIMENTAL VELOCITY AND 

TEMPERATURE PROFILES FOR A HEATED 

CYLINDRICAL AIR JET (TAKEN FROM 
ScumiptT!7) 


A corresponding form of Equation 31 is 


Cc 1 4Dx 


e 
4xD («+ 


Fig. 6 demonstrates Equation 33 for U = 10 fps and D = 0.02 sq ft per second. 

Phenomena of turbulent diffusion are both abundant and important; smoke 
dissipation, exhaling of breath, sediment transport in streams, and the dispersion 
of water-droplet mists are examples. 


u y? 
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Free Jets: So long as workable formulations of turbulence phenomena require 
empiricisms, the analysis of turbulent jet behavior will also require some sort of 
empiricism. Some of the component features of jet behavior are predictable, 
however, on the basis of present knowledge. For example, theory!? predicts 
the course of the centerline jet velocity as follows: 


1. For a two-dimensional isothermal plane jet (e.g., jet from very long and nar- 
row slot), when a condition of fully-developed turbulence has been reached the cen- 
terline velocity should fall off in proportion to the inverse of the square root of the 
distance from the source. 

2. For a cylindrical isothermal jet, when a condition of fully-developed turbulence 
has been reached the centerline velocity should fall off in proportion to the inverse 
of the distance from the source. 


These predictions were checked against experimental data by Tuve and 
Priester!*. For discharge into a large free space condition 1 was not attained 
for jets from long narrow slots with aspect ratios as high as 128:1. Slots 
from the rectangular outlets tested all tended towards a circular cross section 
at sufficient distances from the outlet. These authors also found that condition 2 
was only approximately followed by their data; instead of direct proportionality 
being maintained to the end of the jet, the observed proportionality constant 
decreased in magnitude as the end of the jet was approached. Interpretation 
can only be variously surmised, but the basic phenomenon to be better under- 
stood is turbulence. 

The recent data of Albertson et al!5, on the other hand, show good agree- 
ment with both conditions 1 and 2. Two-dimensional plane jets were formed 
from slots of aspect ratios 288:1 and greater, with the jets discharging between 
two parallel walls set perpendicular to the plane of the slot outlet and perpen- 
dicular to the long side of the rectangular slot at the slot ends. This condition 
typifies a situation occasionally met in air-conditioning practice. The equation 
given for the two-dimensional jet (with rounded approach to the slot) was 


Umax 
Us = 2.28 for 


Umax = the centerline jet velocity, 
Uo = the initial jet velocity, 
bo = the slot width in feet, 
x = the normal distance from the outlet in feet. 


Equation 34 was established for initial velocities from 2,400 to 10,800 fpm, 
and the lowest jet velocity measured was 100 fpm. 
The equation given by Albertson et al'5 for cylindrical jets was 
where 
do = the initial jet diameter. 


Equation 35 is in substantial agreement with the results of Tuve and Priester™4 
and thereby lends support to their more extensive data. 
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Equations 34 and 35 are both limited to isothermal conditions. 

The non-isothermal jet is very inadequately understood!®, despite its great 
practical importance. The nature of the unsolved problems will be indicated 
here by presenting the data of Schmidt!’. Fig. 7 shows his cross-stream 
temperature and velocity traverses for a cylindrical jet at various distances 
from the origin. The evident dissimilarity between the two profiles complicates 
any analysis, and yet both temperature and velocity are of air-conditioning im- 
portance. 

The analysis of a heated cylindrical air jet rising vertically as developed 
by Schmidt further showed the centerline velocity to vary as x 1/3 and the 
centerline temperature as +°5/3, where x is the distance along the jet measured 
from an equivalent point source. The equivalent point source for a finite outlet 
may be established by experiment or approximately located upstream from the 
outlet plane at the position of the vertex of the jet expansion angle. Much 
further study is needed on all of these matters. 


CONCLUSIONS 


1. The true, microscopic, fundamental mechanisms of turbulence are at present 
incompletely understood. 


2. Carefully-conceived engineering empiricisms offer the best means for obtaining 
workable solutions to turbulence problems of practical importance. Such empiricisms 
must be guided by the best analytical work attainable, the total of past experience, 
and the results of very careful experimentation. 


3. Much additional experimental research is needed on engineering problems of 
turbulence flow and air distribution, and improved instrumentation in this connection 
is a prime requirement. 
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DISCUSSION 


G. L. Tuve, Cleveland, Ohio: In calling for discussion I would like to point out one 
or two things. This paper is a real accomplishment in our research program. It marks 
an outstanding effort to translate or show the transition from the old test this and 
test that and see if it works method to a newer method which has been introduced 
largely by the German aerodynamacists—Write equations, then interpret and apply. 

One of the difficulties encountered by Mr. Nottage, or anyone who attempts to use 
this newer method, is the matter of language. We cannot understand each other. 
You may have run into something you could not understand in the paper. The 
aerodynamacist and the fluid-mechanics specialist tend to use what I call a mixture 
of German and Greek. They use Greek symbols and translated German words. Our 
basic material in this field has come largely from what grew up at Gottingen and 
other German centers, and our text books on these subjects are often literal trans- 
lations from the German texts. Those of us who are busy trying to tie together the 
practice of heating and ventilating engineering and the basic fundamentals of fluid 
mechanics, are having a hard time because the two groups of people who are expert 
in these fields talk different languages. 

I wanted to make that remark because I think Mr. Nottage has done a pioneering 
job in making this translation for us. It is at least a start. Maybe there are some 
more translaters in the audience. 


i 
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Cyrit Tasker, Cleveland, Ohio: In the talk that I gave the other day, I quoted 
from the director of the Building Research Board, who said that our research work 
should not only find the what but the why. This is one of the projects in which we 
are trying to find the why, just as much as the what. 

Mr. Nottage has shown you a picture of the experimental setup which has been 
erected at the Laboratory for the study of ventilation jets and that work is actually 
under way. In the process of finding the what at the Laboratory, Mr. Nottage, with 
his background and experience, is at the same time attempting to find the why. When 
we put the two of them together, | think we shall come up with answers that will be 
of real value to the members of the Society. 

As Professor Tuve has said, it is a tough problem and I think that we are fortunate 
at the Laboratory in having Mr. Nottage, who can bridge that gap between the 
German experimenters and experimental work in this country and in other countries. 
We are definitely trying to give you practical data that will be of use in air dis- 
tribution. But I think there is a great deal of work that has been done over the past 
years by various investigators and you still do not exactly know what happens when 
you throw a jet out of an outlet. | think that illustrates the need for some experimental 
work of this type and I hope that we are going to be permitted to carry on with this 
until we can give you some really valuable, practical results. 


M. K. Faunestock, Urbana, Ill.: This is an analytical type of paper and the 
remarks which I have to make pertain to the need for more work of this type and the 
need for agreement on the analytical approach to the problems of air distribution 
before actual laboratory research work is undertaken. As engineers, some may 
question, why should the Society be doing, or supporting, analytical work? 1 be- 
lieve that reference to the Society’s Constitution, By-Laws and Rules pertaining to 
its research activities will show that both theoretical and applied research are 
covered and encouraged. 

Much of our past research has been applied, or empirical. This is probably rightly 
so because we are a society of engineers and many of our problems of common 
concern can be answered by applied research. Many times the results from this 
type of research are limited to the test conditions and too often are not entirely 
applicable to the wide range of conditions experienced in practical applications. 
Fundamental research of an analytical character usually leads to the determination 
of coefficients or constants in equations arrived at from an analytical or mathematical 
treatment of the factors or variables involved. The final results, usually in the form 
of mathematical equations, should, and usually do, have wider applications than the 
results from applied research. 

I believe that the Society should conduct and support both types of research, with 
the emphasis reasonably placed to best serve the needs of the members. I suggest 
that in the future more emphasis might well be placed on basic research. Further- 
more, I suggest, in the planning of basic research, where much of the work is 
analytical in character, that there be co-ordination and agreement among at least 
several analysts on a specific problem before too much time is spent on it, or the 
results published. 

I am sure that Mr. Nottage would appreciate the opportunity of discussing his 
ideas of certain analytical approaches to certain air distribution problems with others 
who are interested and qualified to approach the problems analytically. In fact, 
he has probably already done so. I think we should encourage him and others who 
are willing and capable of approaching our problems analytically and giving us 
results in engineering terms which we can understand and use. Therefore, I sug- 
gest that consideration be given to the thought of bringing together at least three 
or four people, with the training, background, ard interest which qualify them to 
approach our air distribution problems analytically and to present the answers so 
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they can and will be used by engineers. No doubt, Mr. Nottage can recommend 
some individuals with the necessary qualifications and interests and with whom he 
would like to work. 

Agreement on the analytical theory by a group of qualified analysts would give 
greater assurance that the theory was correct and acceptable. It would give insurance 
that it would withstand future scrutiny. Such a group of individuals could well be 
named as a subcommittee of the present TAC on Air Distribution. 


Joun Agrperty, Chicago, Ill.: This type of research is going to carry us and the 
Society farther in the long run than much of the research work done in the past. 
There are two thoughts which should be carefully considered, and, when these are 
properly understood, they will help materially to solve our problems. 


First, scientists invariably use an interim language to bridge the gap between the 
formulation of hypotheses and the establishment of the final physical facts. The 
members of this Society have had considerable experience with this language in our 
frequent dealings with medical science. This terminology has been difficult for us 
to understand and at times we have actually been bogged down by it. The involved 
language in this type of paper does not enable us to comprehend clearly and quickly 
the important facts presented. 


Underlying the material contained in this important paper are two fundamental 
physical laws. It would seem that the author and others who will deal with this 
problem should avoid using interim expressions and correlate their findings with the 
fundamental laws of conservation of energy and conservation of momentum. 


Secondly, this paper presents important data treating with matter in its molecular 
state. All of these particles are resilient; in fact, for all practical purposes of our 
membership, it may be presumed that these particles have perfect resilience. Why, 
then, can we not express our findings through the use of words dealing with energy 
and momentum exchange of perfect resilient bodies? 


A recent experience in an attempt to establish the percentage of short circuiting 
which takes place under certain conditions in a supply and return register should 
serve to illustrate this simplification. The research workers, the men of this industry 
who had a thorough understanding of our basic knowledge, and others made as- 
sumptions regarding heat exchange, mass movement, and the action of gases other 
than air which led to decidedly erroneous findings. It was only after we considered 
our problems in connection with these two basic physical laws, and agreed upon 
certain approximations, that we were able to obtain values consistent with the ex- 
perimental results. The divergence of opinions was so marked that I really feel 
this Society should long ago have undertaken exactly the type of research contained 
in the preparation of this paper. If we can simplify our entire procedure by basing 
it upon these two indisputable physical laws, we can avoid extravagance in our re- 
search program. 


W. O. Huepner, New York, N. Y.: Many of us who have approached the air 
distribution problems from the practical point of view, and have sometimes approached 
them from the theoretical point of view, are happy about the work done by the 
research staff and especially for the work done by Mr. Nottage. 


AutHor’s CiosurE: In closing the discussion, it is well to point out that the 
oral presentation of this paper was an intentional departure from the written material. 
The presentation gave emphasis to the A.S.H.V.E. Research Laboratory’s air- 
distribution research program and the plans to make the utmost use of recent ad- 
vances in practical turbulence knowledge. The encouragement given by the discussers 
is most helpful. 


{ 
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The material presented has not been created as original work at the Laboratory, 
but the plans to use this information so as to save research time and effort in estab- 
lishing engineering means to improve air distribution are the new approaches to old 
problems as recommended by the Technical Advisory Committee on Air Distribution. 
The paper itself is a highly abridged introduction to a comprehensive survey of the 
background literature on turbulence and ventilation jets in air distribution which is 
currently being readied for release at the Research Laboratory. 

A special subcommittee has been formed under the TAC on Air Distribution to 
further discuss analytical and experimental details as the program develops. Use 
of the fundamental laws of fluid flow is the only basis for the proper planning and 
interpretation of experimental studies. The entire program at the A.S.H.V.E. Re- 
search Laboratory is being developed about this principle. 
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BALANCING AIR DELIVERY OF A SYSTEM OF 
MANIFOLD AIR DIFFUSERS 


By Georce S. DAUPHINEE* AND PETER ARGENTIERIT, New York, N. Y. 


_ final adjustment and regulation of the air delivery through multiple 
supply air diffusers or outlets in a ventilating system for the purpose of 
bringing their individual air discharge volumes in conformity with those speci- 
fied is commonly known as balancing the system. At present, the method gen- 
erally adopted is one of trial and error, and is an admittedly costly and 
unscientific operation. 

Regardless of the method employed for balancing, the precision of adjustment 
will be influenced by the original design and construction of the system, such as 
the relative proportioning of the distributing ducts and the type and construc- 
tion of take-offs, air turns and dampers. It is, for example, conceivable that 
the system design and installation could be so adverse that final regulation to 
produce the desired or prescribed air distribution would be impossible. 

The purpose of this paper is two-fold: (a) to outline a simple and positive 
method for balancing multiple air diffusers in a common ventilating system 
which would also lend itself to standardization, and (b) to emphasize the vital 
importance of proper duct design to insure easy balancing of the system after 
it is installed. 

It is impracticable to so design a duct system that the exact required air 
volume will be discharged from each respective outlet automatically and without 
the aid of adjustable dampers. It is further recognized that, unless such 
dampers are calibrated functionally, i.e., to produce a known result directly, 
tedious trial and error in balancing will be unavoidable. This paper precludes 
the use of dampers in the ducts to regulate the air delivery through individual 
outlets and requires the employment of dampers which are part of the outlet 
and have a known effect on outlet performance. 

A system of air outlets is balanced when (a) each -outlet discharges its 
specified percentage of the total air delivery and (b) such total air delivery 
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conforms to that specified. The balancing method to be described consists, 
therefore, of two steps performed in the following sequence: (1) adjusting the 
relative air delivery from each air outlet or diffuser percentage-wise (without 
regard to actual air delivery) and, (2) checking, and, if necessary, adjusting 
the fan speed so that the proper total actual air delivery is obtained. 

To accomplish step 1, the following operating data for each diffuser are re- 
quired: 

(a) Capacity factors for determining the volumetric air delivery of any size 
diffuser from its air outlet velocity. 


(b) Calibrated damper factors for establishing the damper adjustment of any 
outlet to produce any desired percentage of its full open capacity. 


BALANCING PROCEDURE 


Given a typical installed ventilating system with a multiplicity of air diffusing 
outlets (diffusers), all dampers should first be fully opened and capacity readings 
taken for each outlet. For this operation, it is not necessary that the fan volume 
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conform to specifications, but it is important that it be maintained constant 
while all readings are made. Next, a calculation should be made to determine 
the ratio of actual air delivery of each diffuser to the total actual air delivery 
from all the diffusers. By comparing these ratios with those required by the 
specifications, the degree of variation in the air apportionment among the 
outlets from that desired will be established and will serve as the basis for 
damper adjustment of individual outlets. The percentage of damper opening 
required for each diffuser in order to regain the apportionment specified is 
then calculated, and, using the damper adjustment factors, all dampers (but 
one—see examples) are set accordingly. After dampers have been set, an air 
delivery determined for any one diffuser will indicate whether its air delivery 
is in accordance with, or varies from, that specified for the respective diffuser. 
If at variance, it will be known that the capacity of all outlets varies from their 
specified capacities in the same degree and, then, by adjusting the fan speed 
to produce the capacity required for any one outlet, all other outlets will deliver 
their respective specified capacities. A final check of several outlets will serve 
to prove the accuracy of balance. 

It is emphasized that the procedure outlined is far simpler than may at first 
appear, since most of its operations are slide rule computations which can 
further be facilitated by preparatory tabulation. The manual contribution con- 
sists entirely of (1) opening all dampers, (2) determining air delivery from 
each diffuser, (3) setting dampers and (4) checking the output of several out- 
lets. The method will be clarified by the typical examples which follow. For 
purposes of simplification only, these examples are arbitrarily limited to five 
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outlets. It should be appreciated, that the method and procedure are adaptable 
to systems with any number of outlets supplied by a common fan as demon- 
strated by the concluding example showing the results of an actual large-scale 
balancing operation. 

The diffusers used in all examples contain a built-in sleeve type damper, the 
function of which is to vary the outlet aperture. It is raised or lowered by a 
central screw operated from below the diffuser. The manufacturer’s damper 
adjustment factors are used for obtaining any desired percentage of the full 
open damper capacity converted to number of screw turns from the full open 
damper position. These damper factors, therefore, correspond to the ratio of 
actual restricted to actual full open air delivery. With this particular type 
damper, the air delivery will be: 


(cfm) = VX FX (1) 


where 


outlet velocity, fpm. 
capacity factor. 
percent of full open damper capacity. 


o 


The outlet, of course, could be so designed that the normal position of the 


damper is in mid or partially open position, permitting adjustment in either 
the closing or © « .ng direction with corresponding calibration factors. For 
certain types © .mpers, the velocity value will vary directly as the capacity, 
and the air delive.y will be simply: 


Air outlet velocities are determined at the periphery of the diffuser with a 
standard deflecting vane type anemometer, four readings being taken at points 
90 deg apart and averaged. Readings to the nearest 25 fpm are considered 
sufficiently accurate. The anemometer readings are multiplied by the capacity 
factor previously established to convert the reading to equivalent air delivery 
in cubic feet per minute. 


Example 1. An air delivery system shown in Fig. 1 has 5 outlets for which the 
specified air delivery in cubic feet is as follows: No. 1—800, No. 2—800, No. 3— 
1230, No. 4—1100 and No. 5—560. The total air volume to be delivered is 4490 cfm. 
Outline procedure for balancing the system. 


Solution: The various steps to be taken are given in Table 1. 


The tabulation in Table 1 has been purposely elaborated to illustrate all 
operations. For example, Lines c and j are inserted merely to exemplify the 
establishment of the specified air apportionment because this is, actually, the 
basis of the method. The function of the values in line G is to establish the 
outlet to be used as a base; the outlet having the lowest percentage of actual 
delivery volume. This often can be determined merely by inspection without 
computation of other percentages on this line. Likewise, the values in Line J, 
while representing the relative air deliveries which would prevail after balancing 
if the observed actual aif delivery of the base outlet remained constant, are 
hypothetical, since the effect of balancing alters the air delivery of the base 
diffuser. In practice, therefore, the computation of line J is omitted and the 
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percentage of full open damper delivery (line K) obtained directly by dividing 
values in line H X 100 by values in line G. It is further emphasized that, in 
performing the balancing operation, the tabulation is prepared in advance 
(omitting lines c, J and j) and the data in lines A, B and C are entered thereon 
from the plans and specifications. Deflecting vane type anemometer readings 
are then taken for all diffusers at once, entered in line D, and the values in lines 
F to K inclusive computed. Following this, the dampers are set, likewise at 
once, in accordance with line K. 

It will be observed that, as all dampers are in the open position when de- 
termining actual air deliveries, all adjustments must necessarily be in the 
throttling direction and that, accordingly, the damper in the base, or outlet least 
favored, will always remain fully open, all other diffusers being throttled to the 
extent necessary to apportion the total air delivery among all diffusers in ac- 
cordance with specified requirements. It will be observed further that this is 
accomplished without regard to, and independent of, the actual fan delivery. 


TaBLeE 1. BALANCING OF AIR DELIVERY For Example 1 


1 2 3 4 5 Totals 
B Diffuser Size (Inches Neck Dia.)......... 12 12 14 14 10 
C Air Volume Specified, cfm............... 800 800 1230 1100 560 4490 
c Percent of Total Air Specified............ 17.8 17.8 27.4 24.5 12.5 100 
D Anemometer Reading (fpm) with All 

Dampers in Full Open Position........... 2025 1950 1875 1800 1750 
E Manufacturer’s Capacity Factor.......... 0.45 0.45 0.61 0.61 0.31 
F Actual Air Delivery (cfm) = 

910 877 1143 1098 543 4571 
G Variation from Specified = 

1.14 1.10 0.93 1.0 0.97 
H_ Base Diffuser = Least Value in line G.... 0.93 
J cfm Required for Specified Ratio Referred 

to Base = line H X line C.............. 744 744 1143 1022 521 4174 
j Percent of Total line J = linec.......... 17.8 17.8 27.4 24.5 12.5 100 
K Percent of Full Open Damper Delivery 

line J X 100 line H X 100 
Required = = 81.7 84.8 100 93 96 
line F line G 


After the dampers have been adjusted, an anemometer recheck of the base 
diffuser will indicate whether it delivers the required capacity. If not, it will 
be known that the air delivery of every diffuser of the system varies from the 
required capacity in the same ratio and will be corrected automatically by ad- 
justing the fan delivery accordingly. In Example 1, for instance, the velocity 
reading for the base diffuser (in order to comply with specifications in line C) 
must be 1230/0.61 or 2020 fpm. The following rule and corollary will apply: 


Rule—When the damper settings of all the diffusers supplied by a common fan 
remain constant, any variation in fan delivery will not alter the percentage of the total 
air discharged by each respective diffuser. 

Corollary—Any change in the damper settings will alter the air discharge per- 
centages of the individual diffusers. 


After dampering and total air delivery adjustments have been completed, a 
spot check of several random diffusers, together with the base diffuser, using 
Equations 1 or 2 depending on the type of damper used, will suffice to verify 
the adequacy of balancing. A traverse by Pitot tube or other convenient device 
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TaBLE 2. BALANCING OF AiR DELIVERY FoR Example 2 


D Velocity Reading with 
All dampers in Full Open Position, fpm......... 2200 2125 2050 1975 1900 
H_ Base Diffuser = Least Value in line D............ 1900 
K Percent of Full Open Damper 
line H X 100 
Capacity Required = a jotthonaewawe 86.4 89.4 92.7 96.2 100 
ine 


may be used to verify total air delivery, if desired. For all practical purposes, 
a tolerance of +5 percent, either in individual diffuser or total air delivery may 


be considered satisfactory since the element of human error in the taking of © 


readings may readily account for a difference of this magnitude. 


Example 2. An air delivery system shown in Fig. 2 has 5 outlets, each of which 
should deliver 600 cfm. Illustrate procedure for balancing the system. 


Solution: In Example 2 it will be noted that the diffusers are all of the same size 
and are specified to deliver like capacities. Here the balancing computations may 
be simplified by dispensing with capacity conversion and using outlet velocities di- 
rectly as indicated in the Table 2. 


Assuming capacity factor for the 10 in. diffusers used in the Example 2 is 
0.31, the correct velocity reading of the base diffuser No. 5 after balancing 
should be 600/0.31 or 1935 fpm. 

Other similar variations in calculating procedure will be apparent. For 
instance, in the case of Example 1, while the outlets are of different sizes, the 
neck velocity values bring all sizes into common relation and these values 
therefore can be used in a simplified procedure. In any event, the forms 
suggested in Examples 1 and 2 are applicable to all types of systems and would, 
therefore, lend themselves to standardization. 


Example 3. An air delivery system shown in Fig. 3 has 3 branches with 5 outlets 
on each branch. The required air volume at each outlet is 600 cfm. Outline the 
procedure for balancing the system. 


Solution: The system shown in Example 3 consists of three branches, and, again 
entirely in the interest of simplicity, it is assumed that each branch is identical with 
the single branch used in Example 2 in number, size and capacity of diffusers. It 
is further assumed, as may prevail in practice, that the proportioning of trunk 
and branch ducts alone, without the aid of duct dampers D, and D» will not pro- 
duce uniform apportionment of the total air delivery among the three branches 
without excessive throttling of the most favored diffusers. In balancing a system of 
this type by the method proposed in this paper, two alternative procedures can be 
employed. The diffusers in each branch can be balanced separately as in Example 2 
and the base (open damper) outlets will be As, Bs and Cs respectively. The velocity 


TaBLe 3. BALANCING OF BRANCH DELiIvery For Example 3 


line H X 100 
Percentage of Damper Opening = 82 87.7 
line D 
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readings of these base diffusers after balancing will, however, vary due to the 
pressure loss imposed by the trunk duct friction between the branches. The difference 
in capacity between the three base diffusers will likewise correspond to the ratio of 
difference between the air supply to the respective branches. To correct this dif- 
ference, it is necessary to balance these base outlets with respect to each other by the 
adjustment of duct dampers D, and D,. As these dampers are not calibrated, this 
final bs!ancing operation can only be accomplished by trial and error. However, the 
required degree of approximate damper adjustment can be computed percentage- 
wise as given in Table 3, and, with this known, a minimum amount of adjustment 
will be required. 

The system will be balanced when the outlet velocities of the three base 
diffusers are equivalent. When this has been achieved, any of these diffusers 
can be read for conformity with the specified air capacity and the fan speed 
adjusted, if necessary, as already described. 

The other, and, perhaps more convenient approach to the balancing of Ex- 
ample 3, is to first regulate the duct dampers until reasonably uniform outlet 
velocities are obtained from any three comparable diffusers (one in each branch) 
and then with these duct damper settings fixed so that they cannot change, to 
balance all fifteen diffusers as a common system in the manner described for 
Example 2. It will be recognized that the basic method for balancing described 
is equally applicable to intricate systems involving unequal branches and a 
multiplicity of diffuser sizes and capacities, requiring only extra steps in 
computation. Seemingly, systems which are symmetrical and have uniform size 
diffusers might be balanced on the basis of static pressures within the duct at 
the diffusers. This, however, is seldom practicable because of the influence of 
erratic flow patterns. 

As already indicated, the authors are of the opinion that special emphasis 
regarding proper duct design, particularly for air diffusers, is warranted. The 
original design of a duct distributing system should contemplate the ultimate 
problem of balancing. The permissible pressure in the duct at the most 
throttled outlet is, for example, often governed by noise limitation. For extreme 
quietness this pressure should not exceed 0.25 in. water column. Where noise 
level is not a factor it may be as high as 0.75 in. water column. Even where 
noise level is not significant, economy in operation dictates the lowest duct 
pressure practicable or consistent with duct cost. The design relation between 
duct pressure and degree of outlet throttling can be expressed by the following 
Equations 3 and 4: 


P, 
P, = ro . (4) 
(1 00) 

where 

P; = minimum duct pressure in inches of water. 

P, = maximum duct pressure in inches of water. 

T = maximum throttling of individual outlet, percent. 
Let 


P, = 0.25 in. WG and P; = 0.75 in. WG. 


IP; 
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Then 


= 100 — 100 ‘en 75 = 100 — 57.7 = 42.3 percent. 


Duct Loss = 0.75 — 0.25=0.5 in. WG or the equivalent of 500 ft of straight duct 
based on a loss of 0.1 in. per 100 ft (static regain ignored). 


From the preceding, it is obvious that the maximum practical extent of 
throttling, even disregarding noise, will rarely exceed 40 percent. Whenever 
it is found impracticable to limit the differential pressure across the outlet to 
that desired, the system should be sectionalized with duct or splitter dampers 
(see Example 3). In so doing, the throttling in the high pressure portion of 
the duct is accomplished in two stages and, as a result, the degree of throttling 
and consequent pressure differential at the outlets is minimized. 

Factors which contribute to pressure loss in duct design have long been 
evaluated and made available for predicting results. However, the use of 
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| ) Fic. 3. AIR DELIVERY SYSTEM FOR EXAMPLE 3 


circular ceiling air diffusers imposes an additional, important, and too often 
ignored, factor, namely, the behavior of an air stream entering a circular 
opening in the bottom of a horizontal rectangular duct. Unless the horizontal 
air velocity gradient across the duct is symmetrical, the air entering the neck 
of the diffuser will rotate or swirl rapidly, often creating a vortex and, as a 
consequence, the discharge volume at the prevailing static pressure will be 
greatly reduced. To regain the specified capacity under such a condition, the 
duct static pressure would have to be increased correspondingly. When, there- 
fore, the duct design is such that the air does not approach the outlet uniformly, 
it is impossible to predict the duct pressure necessary to obtain the specified 
capacity, since the extent and effect of the swirl are unpredictable. It will 
further be obvious that, in final balancing, a swirl condition at only a single 
outlet in the system will necessitate an increase in pressure throughout the entire 
system and may result in increasing the required differential pressure across the 
upstream outlets prohibitively. 

Air directive devices or so-called air equalizing grids placed in the neck or 
collar of the diffuser at its junction with the bottom of the duct have little 
effect upon the vortex phenomena and their resultant disadvantages, especially 
where the outlet is at the end of the duct or branch (and this applies whether 
the duct is provided with an extension or so-called cushion head or not). It 
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is the authors’ experience that the only satisfactory and reliable preventive for 
air entry turbulence is the use of properly designed air directing and straighten- 
ing vanes in all elbows and branch take-offs to insure symmetrical approach 
velocity to all diffusers. This caution applies likewise to fired throat take-offs 
because the design of such take-offs is usually predicated upon the hypothesis of 
symmetrical air flow across the approach duct. The effect of erratic air patterns 
produced by take-offs will be noted in the illustration of the balancing of an 
actual system in the section Application of Method. 


Fic. 5. SCHEMATIC DIAGRAM AIR DIS- 
TRIBUTING SYSTEM IN A WOOLEN MILL 


Another factor affecting the total pressure calculations which enters into 
diffuser system duct design is the static pressure required by an outlet collar 
independent of the resistance of the diffuser itself (see Fig. 4). 

Due to the change in air direction, a high velocity strata at point x is un- 
avoidable and its effect upon duct static pressure may be expressed by Equa- 
tion 5. 


where 


P = duct static pressure in inches of water. f 

cfm 

V = mean neck velocity in feet per minute or ————.-—— 
y Neck Area 


The value 2.2 remains practically constant for all outlets in a conventional 
duct system as the ratio of duct static pressure to duct velocity pressure at 
each outlet will be approximately equal. Unless the diffuser manufacturer’s 
resistance ratings include this factor, it must be allowed for in the calculation 
of total static pressure. 
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BEFORE BALANCING 


APPLICATION OF METHOD 


The following describes the actual procedure in balancing a system in a 
woolen mill. This installation included 64 diffusers each specified to deliver 550 
cfm, and distributed as shown in schematic diagram, Fig. 5. (It should be 
noted that the only dampers used in balancing this system are those in the 
individual diffusers. ) 

Table 4 is the actual tabulation of the balancing data arranged in the form 
already explained. From this it will be seen that the original maximum extent 
of unbalance was 35 percent. 

Table 5 is a tabulation of the diffusers by branches with the total volume 
(cfm) of each branch entered in the right-hand column and the total volume 
(cfm) for the series of diffusers occupying the same relative position in the 
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TABLE 5. DELIVERY VOLUME BY BRANCHES IN CuBic FEET PER MINUTE 
(For System shown in Fig. 5) 


Diffuser Position 
Branch B....... 
Branch B....... 
Branch F 
Branch G 
B....... 


branches entered at the bottom. These data indicate the effect of duct friction 
loss. As would be expected, the air delivery through the branches farthest 
from the fan is less than through branches nearer the fan. Likewise, the 
diffusers at the far end of the branches deliver less air than those at the near 
end. The « «ptiens in this instance are those diffusers close to the branch take- 
offs (except .accountably in Branch H) which, it will be noted, deliver less 
air than those next downstream. This variation is due to the swirl imparted 
to the air by the elbows, an effect already pointed out in preceding text. Thus, 
the aggregate volume (cfm) of the diffusers in position 8 (Fig. 5) which are 
located immediately beyond the take-offs is 4943 cfm while the aggregate volume 
of the outlets in position 7 where the air flow has smoothed out, is 5298. From 
position 6 to the end of the ducts, the air delivery decreases consistently as 
affected by duct friction loss. The total volume (cim) delivered by the system 
before balancing was 39,869 or 13.3 percent higher than specified. 

Fig. 6 shows the volume (cfm) delivered by each diffuser in any given 
branch and is simply a visual representation of the tabulation, Table 5. 

After damper adjustments were completed, check readings of approximately 
one in every eight diffusers were made to confirm that the system was balanced. 
Reference to Table 4 will reveal that, after balancing, the maximum unbalance 
(extreme difference in air delivery between any two individual diffusers) was 
7 percent and well within the tolerance of + 5 percent considered acceptable. 
Also, the average air delivery of the nine diffusers rechecked was 547.6 cfm 
per diffuser, indicating that the system as a whole was approximately 0.5 per- 
cent under capacity, a discrepancy too slight to warrant adjustment of the fan 
speed. 

Fig. 7 is a plot of the delivery characteristic of the nine diffusers rechecked, 
before and after balancing, and demonstrates the degree of balance achieved di- 
rectly in a single adjustment. 

Referring to the simplicity of the balancing method described in this paper, 
it may be mentioned that the balancing of this system, including desk and ladder 
operations, required but 24 man hours. 

In conclusion, the authors wish to stress that the data presented in this paper 
are intended to be introductory rather than conclusive and particularly that 
investigation of the possible extent of error inherent in the method described 
is suggested as a suitable project for A.S.H.V.E. research. 


1 2 3 4 5 6 7 8 Totals 

475 508 536 552 559 573 569 550 4322 

540 540 590 592 634 634 634 602 4766 

| 543 597 599 599 616 637 649 569 4809 

592 634 646 670 679 691 696 597 5205 

604 651 677 721 721 728 717 653 5472 

| 590 649 653 658 696 686 703 651 5286 

576 583 630 657 658 672 684 658 5118 

545 564 609 611 630 623 646 663 4891 

4465 4726 4940 5060 5193 5244 5298 4943 39869 
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AIR DISTRIBUTION AND DRAFT 


By JouN RypBerc* anp Per NorspAck**, STOCKHOLM, SWEDEN 


MONG the numerous ways of introducing ventilation air itv rooms, there 
are only a few cases in which the air jet course can be determined 
mathematically. Nevertheless, it has been found that a whole group of dis- 
charge devices, for practical purposes, may be satisfactorily computed in ad- 
vance, both as regards the course of jet and the risk of draft; these are the 
cases where the air is discharged through concentrated outlets, such as circular 
or rectangular holes or grids of various designs. The detailed shape of the 
hole or grid need not be known. The only condition is that the jet is not 
disturbed by surrounding walls, that the ratio between the longest and shortest 
side is not too great and that no guide vanes are employed to give the air a 
special direction. 


SIMILARITY CONSIDERATIONS 


The discharged air is assumed to have the same temperature as the room air. 
For free air jets from similar outlets, the shape of the jets will be similar if the 
Reynolds numbers Np, are the same. This means that the velocity V in 
equally located points will be proportional to the outlet velocities V,. Two 
points in different jets are equally located if «/d, y/d, and z/d are equal for 
both systems (see Fig. 1). 

If then, Vp,, x/d, y/d, and z/d are equal for different systems, then V/V, 
will also have the same value in these systems. Generally, therefore, if f ex- 
presses a general function, it is possible to write Equation 1 for jets from 
similar discharge outlets 


Vo 


* Doctor of Technology, Professor of Heating and Ventilating, Royal Institute of Technology, Uni- 
versity of Stockholm. Member of A.S.H.V.E. 

** Research Engineer, Royal Institute of Technology, University of Stockholm. 

Presented at the 55th Annual Meeting of THe American Society or HEATING AND VENTILATING 
Enaineers, Chicago, IIl., January, 1949. 
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A jet from a circular opening will be symmetric about an axis, and, in this 
case, one of the codrdinates drops out, and then Equation 1 becomes 


It is found in practice that the effect of Np, is so insignificant that it can 
be ignored. This can be shown, if it is assumed that the pressure in the jet 
is constant. This assumption is fulfilled with small error for a free jet, as has 
been confirmed by measurements. If the pressure is constant then, according 
to the principle of momentum conservation, in each cross section of the jet, 


Fic. 2. RELATION OF PRODUCT OF 


VELOCITY AND MASS IN DIFFERENT 
Fic. 1. DIAGRAM FOR LOCATING POINTS POINTS IN AIR STREAM 
IN A JET OF AIR 


the product of the velocity and the mass flowing forward per unit of time will 
be constant. Equation 3 then applies for a circular jet. See Fig. 2. 


x da? 


Equation 4 can only be satisfied by an expression in the form 


The assumption that the pressure is constant means that, for a given section 
(i.e., for a given value of +/d), V/V, is only dependent on y/d, and, conse- 
quently, independent of Ng,. Therefore 


or, 


and also 
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In the center of the jet y/x=0, so that 


For a given cross section of the jet, i.e., for a given value of «/d, Equation 9 
| applies 


The application of Equation 10 is limited to a given value for x/d. 
In practice it is found that for large values of x/d, i.e., for such great dis- } 
tance from the outlet that this may be regarded as a point, the last named 
function is independent of the value for +/d.1- 2-3-4 
For large values of x/d (great distance from the opening or small openings), 
it is therefore possible to write 


where ¢ and © denote definite functions. 
Equation 12 is the result of substituting the expression for V/V, in Equa- 7 
tion 4, derived previously 4 


As the integ-al comprised in Equation 12 is constant, 


d 
and thus, after substitution in Equation 11, , 
q 
or 
V y 
(16) 


It is advisable to determine empirically the constant K, in Equation 15 and 
the function @ must also be determined in the same manner. The constant 
in question may, in accordance with experimental values of Zimm?, Tripel?, 
Cleve*, Kuethe®, and Ruden®, be taken for the area nearest the outlet at 6 to 7. 
McElroy? has arrived at the mean value of 5.3. Tuve® found that for the 
first part of the jet, where velocity exceeded 500 fpm, the value of K, was 
approximately 5.5. At the end of the jet, however, where the velocity lay below 


Vm = x 
| 
| (9) | 
Vo x . . . . . . . . . . 
Or, when x/d= constant, V,,/V, = constant, 
| 
| 
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500 fpm, it was found correct to use lower values for the constant. This de- 
crease of K,, as stated by both McElroy and Tuve, possibly has its cause in 
disturbances from unconsidered air currents in the rooms where the measure- 
ments were made. For a velocity of jet of 200 fpm the value of the constant, 
according to Tuve, will be 4.5 and for a velocity of 100 fpm it will be 3.5. 
Rydberg and Norback® obtained a mean value of about 4.3. 
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In computations for air conditioning systems, it should be possible, as a 
reasonable mean value, to suggest the value 5 for the constant K, and then 


if V,, and V, are measured in the same units, and the same applies for d and x 
respectively. 

The function given in Equation 16 is shown in Fig. 3 with experimental 
values taken from Zimm?, Trupel®, and Cleve’. 

It will be seen from the foregoing that the angle of a circular jet is constant 
and amounts to approximately 35 deg. 

The mean velocity in any cross section of the jet is about 0.2 V,. 
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Arr DiIscHARGED THROUGH GRID 


Fig. 4 shows in diagram a jet issuing through a grid. Model experiments 
made by Rydberg and Norback® have shown that immediately after the sepa- 
rate jets leave the grid a contraction takes place and the separate jets attain 
their greatest velocity in the section k—k, Fig. 4, from which the velocity 
is diminished through entrainment of surrounding air, and the separate jets 
unite quickly into one homogeneous jet. At a comparatively small distance from 
the grid, in the section b—b, Fig. 4, the velocity becomes uniform and almost 
constant throughout the whole cross section of the combined jet. Even if the 
grid is rectangular and the ratio between the longest and shortest sides is not 
too great, the jet in the cross section b—b, Fig. 4, has assumed a practically 


oh O45 


Fic. 4. SHAPE OF JETS LEAVING A 
GRID 


circular cross section. This was demonstrated by Tuve® and others. The 
section b--b lies at a distance x, from the grid that is of the same order of 
magnitude as the longest dimension of the grid. 


The following symbols are used 


A = the free area of the grid (the total area of openings). 
Vo = the velocity in the grid openings. 
A, = the total area of the separate jets in section k — k, Fig. 4. 
Vx = the velocity of the separate jets in section k — k, Fig. 4. 
Ap = area of jet in section b — b, Fig. 4. 
dp = diameter of jet in section b — b, Fig. 4. 
Vp = velocity of jet in section b — b, Fig. 4. 
Vm = velocity in center at distance x from the grid. 
« = coefficient of discharge for the grid. 


In the section b—b, Fig. 4, the jet resembles a homogeneous jet that has just 
left a circular nozzle and the formulas for circular jets should apply to the 
jet in question beyond section b—b. Then (as per Equation 17) 


(18) 


x — Xb 
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or, since 


In the separate jets, the pressure drops from the grid to the section k—k. 
Beyond the section k—k there first prevails a certain vacuum between the 
separate jets, but the pressure drop between sections k—k and b—b is insig- 
nificant and it is therefore possible to apply in this area the principle of 
momentum, which gives 


Since x, is usually small in comparison with .r, the result, after eliminating 
V, and A, is 


Ve |4Ax 


If the coefficient of discharge for the grid openings is a, Equations 23 and 24 
may be written 


and therefore 

Vo |4A 

Vm = 5 (25) 


For a circular opening in a thin wall, a is approximately 0.60. For a 
square opening in a thin wall, according to Tuve*, a=0.61, and the same 
figure applies also for rectangular openings, if the ratio between the long and 
the short side is not too great. When that ratio grows, a increases, and for 
openings where the long side is 12 or 48 times the short side, a becomes, ac- 
cording to the same source, 0.64 and 0.67 respectively. For grids, a assumes 
still greater values. Tuve gives for different types of commercial grids a 
values from 0.72 and 0.87 with a mean of 0.8. For the grids investigated by 
Rydberg and Norback a was found to be 0.64. That the value for this type 
of grid was relatively low would seem to be due to grid construction employing 
circular, sparsely situated holes. 

As a mean value for rough estimates, a value of a = 0.7 seems reasonable. 

With this value, 


If air volume per unit of time Q = lV, A, is substituted for air velocity, Equa- 
tion 27 is obtained 


, Q 
m (27) 


The constant 6.7 is dimensionless. 
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The two last formulas apply for free jets from concentrated discharge openings 
of rather indefinite form, e.g. circular or rectangular holes, grids of various con- 
structions, etc. In grids, the form of the holes or the distance between them 
does not matter. For grids made with guide vanes which give the air a special 
direction or have a diffusing effect, however, the formulas may not apply. 

The same formulas apply for single openings and for grids because the 
decrease in velocity due to dilution immediately upon leaving the grid is 
balanced by an increase in total jet area. 


TEMPERATURE DISTRIBUTION IN AIR JETS 


For an air particle with velocity V in any point of the jet shown in Fig. 5, 
part of its mass is obtained from the air (of mass m) discharged with velocity V, 
through the opening and the remainder is obtained from the still air (of mass 


Fic. 5. TEMPERATURE AND MOMEN- 
TUM OF A PARTICLE IN AN AIR JET 


m,) surrounding the jet. lf the pressure in the jet is constant and friction is 
ignored, the momentum of the arbitrarily selected air particle with the mass 
m -++ m, must be equal to the momentum of the particle m, 


MoVo = (m + Mo) (28) 


If the temperature of the discharged air is ¢,, the temperature of the room 
is t,, and if the temperature in the arbitrarily selected point in the jet is t, there 
is obtained, if heat exchange by conduction is ignored, 


Molo + mts = (m + (29) 
If, in Equations 28 and 29, m and m, are eliminated, Equation 30 is obtained 


t— ls lo — ls 


Equation 30 states that the ratio of the excess temperature (the difference 
between the temperature in the jet and the surrounding air) and the velocity 
is constant throughout the jet and equal to the same ratio computed for the 
outlet. This has also been confirmed experimentally®. 

By combining Equations 26 and 30 


where t,, = the temperature in the center of the jet at distance x from the outlet. 
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Tue EFFECTIVE TEMPERATURE IN AN AIR JET 


The effective temperature ¢, for a given case with arbitrary values for the 
air temperature ¢, the wall temperature t,, the dew point temperature ty and 
the air velocity V, is defined as the temperature required in a space in order 
to have the same heat loss from the human body as in the case given, provided 
that, in the space considered, the air and wall temperature are equal, that the 
relative air humidity is 100 percent (t= ¢) and that the air velocity is equal 
to zero. 

In a small temperature range, it is possible to count on the effective tem- 
perature as varying rectilinearly with the air temperature, the wall temperature, 
the dew point temperature and the air velocity. It is then possible to write for 
the effective temperature in’ any point of the jet within a small temperature 
range, 


A, B, C and D are constants and A+B+C=1. li the effective temperature 


for the still air outside the jet is designaced ¢’, and the dew point temperature 
for the same air is designated ?¢’, there is obtained 


The difference between the effective temperatures of the surrounding air and 
the jet, the effective temperature drop of the jet, will be 


+ DV ....... (84) 
Dividing Equation 34 by A 
Ue —t 
= (ts — t) + Wa ta) + 


The quantity @ obtained in this manner is proportional to the effective tem- 
perature drop of the jet and differs from this only in that its scale is so selected 
that it coincides with the scale for the air temperature f. 

The quantity @ indicates, in the first place, the direct difference between the 
real air temperature of the surroundings and of the jet. In addition, the air 
temperature difference, which, in respect to cooling, is equivalent to the dif- 
ference in dew point temperature between the air of the room and the air of 
the jet, and finally the air temperature difference which concerns cooling effect, 
is equivalent to the air velocity in the jet. 

To sum up, it may be said that 6 indicates the difference between the room air 
temperature and the temperature of still room air which would be required to 
give the same cooling effect on the human body as the air jet. Thus, 9 repre- 
sents a kind of effective air temperature drop. 

Usually (t’g—t,) is small. Only if large quantities of moisture in proportion 
to the volume of air are delivered to, or extracted from the air in the room, 
will the difference be of significance. Consequently, in most cases, the effect of 
humidity may be ignored, and, 
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The constant zn this equation may be determined empirically. 


1f6=0, 
then, 


t-%  D 


According to the foregoing, in an air jet the ratio given in Equation 37 
between the excess temperature and the velocity is constant throughout the jet 
and equal to the same ratio at the outlet. If an air jet is so arranged that in 
the area where the velocity is low (V < 200 fpm) and where, therefore, Equa- 
tion 32 may be considered applicable, the air temperature drop, @, will be equal 
to zero, as may be shown by test. The value of the constant can be determined 
from data for the temperature and velocity of the discharged air?®. 

Investigations of this nature for arriving at the value of the constant D/A 
have been carried out at the Technical University at Stockholm by Norback!!. 
For these tests subjects were placed in a horizontal jet of hot air and the 
velocity and the excess temperature of the jet regulated so that the jet, ac- 
cording to statements by the subjects, caused the same temperature feeling as the 
surroundings. According to Equation 30, the ratio between excess temperature 
and velocity is constant in all parts of the jet, and, therefore, it is of no conse- 
quence where the subject is placed in the jet, provided it is done in those parts 
of the jet where the deviations from the surroundings are small and thus Equa- 
tion 32 is satisfied. 

In Fig. 6 there is shown the relation obtained by Norback between the excess 
temperature t—f, and the air velocity V which gives @=0, 1.e., freedom from 
draft. At the same time, there is given in Fig. 6 the corresponding relation 
computed from experimental values given in tests by Houghten and Yag- 
loul2- 13. 14. 15.16 and Weiss!7. 

The proper relation, according to Fig. 6, should probably be represented by a 
slight curve, but, for low velocities, a rectilinear relation in the manner given 
earlier is satisfactory. The constant D/A will be approximately equal to 8, 
when the temperature is measured in Centigrade degrees and the velocity in 
meters per second (if the temperature is measured in Fahrenheit degrees and 
the velocity in feet per minute, the value of the constant will be 0.07). 

The effective air temperature drop of the jet, in general, when the tem- 
perature is measured in Fahrenheit degrees and the velocity in feet per minute, is 
given by the following formula. 


For the center of a jet issuing from a grid or other single opening, if the fore- 
going is taken into account, there is obtained 


= 6.7 (ts — to) + 0.07Vo 


As the greatest air velocities and temperature drops arise in the jet center, 
Equation 39 is usually sufficient for judging the possibility of draft. 


wert 
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By appropriate selection of the outlet area 4, the distance x between the 
discharge openings and the zones where people are stationed, as well as the 
discharge air temperature ¢t, and the velocity V,, it is obviously possible to 
attain a value for the effective air temperature drop of the jet, 6, that may be 
tolerated from the draft point of view. Sensitivity to temperature drops of this 
kind may vary. Norback’s experiments suggest that generally an unfavorable 
reaction will be obtained if the value of @ exceeds 2 to 3 F deg. It is assumed 
that the temperature of the surrounding walls and the absolute humidity of the 
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Fic. 6. RELATION BETWEEN AIR VE- 
LOCITY AND TEMPERATURE DROP RE- 
QUIRED FOR FEELING OF EQUAL WARMTH 


air are kept constant. By these last assumptions concerning the radiation con- 
ditions and air humidity, the action of the effective temperature drop of the jet 
on the effective room temperature is diminished in its effect on the total heat 
loss from the human body. 

Equation 39 is only applicable in zones where the air velocities are less than 
200 fpm. 

On the discharge of heated or cold jets, the gravitational forces give additional 
velocities which may cause considerable deviations from the isothermal jet 
course. In the formulas given, no account is taken of this effect. Proper cor- 
rections can be made both for horizontal and vertical jets. 


FREEDOM FroM DRAFT ON DISCHARGE OF Hot AIR 


It is seen from the foregoing that freedom from draft, i.e., 9 = 0, is attained if 


007 
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Since the ratio between the excess temperature and the velocity is constant 
throughout the jet, this condition may be written 


where, therefore, t, and V’, are the Fahrenheit temperature and velocity in feet 
per minute in the discharge opening and f, is the temperature of the surrounding 
still air in Fahrenheit degrees. 
- For hot air discharge, complete freedom from draft can be insured if the 
foregoing condition is fulfilled. In addition to the condition of Equation 41, 
there are other conditions that must also be met in practice. Difficulty in this 
respect, however, is not encountered as a rule. Usually the ventilation air 
required for an installation is given by 


where 
Q = the amount of heat required. 
A = the outlet area. 
Cp = the specific heat of the air. 


The conditions of Equations 41 and 42 determine both the excess temperature 
of the discharge air and the velocity, if the area A is fixed. If Q varies, e.g., 
with the season, then both excess temperature and velocity, i.e., the air volume, 
must be capable of variation. One way of achieving the stated conditions with- 
out varying the air volume is to alter the area A. In most cases, however, this 
is not possible, and, therefore, the air volume must be varied. If the fresh air 
volume is fixed, which is another common condition, the discharge air volume 
can still be varied at will, if circulating return air is mixed with it. 


Minimum Drart For Co_p Air DISCHARGE 


With discharge of cold air, it is not possible to assure freedom from draft. 
The cooling action due to the air movement is in this case no longer com- 
pensated by an excess temperature in the jet, but, on the contrary, is accentu- 
ated, owing to the jet having, throughout its course, a lower temperature than 
the air of the room. 

For the amount of refrigeration introduced by the discharge air into the 
premises per unit of time, Equation 43 applies 


W=A Vo Cp (ts — to) . . (48) 


If A is eliminated between Equations 39 and 43, 


If, for a constant value of the refrigeration load W, @ is differentiated with 
te — to 


respect to the quantity 


Vo 


ls — lo ™ 
Vv ts — to x 
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d 6 6.7 Vo VU ne (45) 


Inserting the derivative = 0, the condition for minimum value of @ is ob- 
tained (temperature in Fahrenheit degrees and velocity in feet per minute) 


When the refrigeration load is given and constant, and if the foregoing con- 
dition is fulfilled, then @ obtains a minimum value, i.e. the feeling of draft for 
a person who encounters the jet will be the smallest possible. 

This can also be expressed so as to show that, for a given admissible value 
for the feeling of draft, the throw of the jet has a minimum. 

As stated, it is only if the refrigeration load is constant that a minimum is 
obtained. This condition of constant refrigeration load is almost always ob- 
tained in practice. The refrigeration load may be allowed to vary, e.g., with 
the season, and the only requirement is that, at any given time, there shall be a 
given refrigeration load. As the refrigeration load itself does not enter into 
the condition for minimum, this condition has the same form for different 
occasions with different refrigeration loads, even if the values comprised for 
temperature drops and velocity do vary. 

It will be seen from Equation 44 that @ increases with increasing value for 
the refrigeration load W and that it decreases with increasing -r. 

To assure that the draft in a given case shall be as small as possible, it is 
evident that the refrigeration W should be brought down to the lowest possible 
value (if in this connection the geometric shape of the premises, of which it is 
not possible to make a general statement, is ignored). After W has been fixed 
at as low a value as possible, the most favorable result is obtained if the minimum 
condition given is fulfilled. 

The reason why a minimum is obtained is that, if the difference of tempera- 
ture selected for a certain definite refrigeration load is small, the air volume 
must be made large, and then the velocity or inlet area will be large and the jet 
will have a long throw. If, on the other hand, a large temperature difference 
is taken the jet will be cold and will cause great cooling effect, even if the 
velocity is small. 

If the inlet area A is given, the temperature drop and velocity of the dis- 
charge air are determined by Equations 43 and 46. If the refrigeration load W 
varies from time to time, e.g. with the season, the foregoing data for discharge 
air must be varied accordingly, if a minimum of draft is to be assured. 

If there is also a demand that the fresh air volume be adaptable to require- 
ments, ¢.g., dependent on the occupation of the premises, this demand can be 
met if the area A be made variable. Usually A cannot be altered and then 
there remains only the possibility of varying the discharge air volume irrespec- 
tive of the fresh air volume by mixture with circulating return air. It is 
therefore possible, by employment of return air, to obtain a minimum of draft 
also in the general case, when both the refrigeration load and the fresh air 
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volume are given for each occasion, but can be altered irrespective of each 
other. 


BIBLIOGRAPHY 


1. Berechnung Turbulenter Ausbreitungsvorgange, by W. Tollmien. (Zeitschrift 
f. angew. Math. u. Mech., Vol. 6, 1926, p. 468.) 

2. Uber die Strémungsvorgange in freien Luftstrahl, by W. Zimm. (Forschungsheft 
234, V. D. I, Berlin, 1921. 

3. Uber die Einwirkung eines Luftstrahles auf die Umgebende Luft, by T. Triipel. 
(Zeitschrift f. d. ges Turbinenwesen, Vol. 12, 1915, p. 52.) 

4. Die Wirkungsweise von Wirbelluftdiisen, by K. Cleve (Feuerungstechn, Vol. 
25, 1937, p. 317.) 

5. Investigations of the Turbulent Mixing Regions Formed by Jets, by A. M. 
Kuethe. (Journal of Applied Mechanics, Vol. 2, No. 3, 1935, p. A 87.) 

6. Turbulente Ausbreitungsvorgange im Freistrahl, by P. Ruden. (Naturwissensch, 
Vol. 21, 1933, p. 375.) 

7. Air Flow at Discharge of Fan Pipe Lines in Mines, by G. R. McElroy. (U.S. 
Bureau of Mines, Report of Investigation No. 3730, November 1943.) 

8. A.S.H.V.E. ResearcH Report no. 1248-—Control of Air Streams in Large Spaces, 
by G. L. Tuve and G. B. Priester. (A.S.H.V.E. Transactions, Vol. 50, 1944, p. 
153.) 

9. Discharge of Ventilation Air, by John Rydberg and Per Norback. (Tidskrift 
for Varme-Ventilations-och Sanitetsteknik, Vol. 17, 1946, p. 1.) 

10. Problems of Draught in Conjunction with Discharge of Ventilation Air, by 
John Rydberg. (Tidskrift fér Varme-Ventilations-och Sanitetsteknik, Vol. 17, 1946, 
p. 95.) 

11. Experimental Investigation of Draught Problems on Discharge of Ventilation 
Air, by Per Norback. (Tidskrift fér Varme-Ventilations-och Sanitetstcknik, Vol. 
17, 1946, p. 100.) 

12. Determining Lines of Equal Comfort, by F. C. Houghten and C. P. Yaglou. 
(A.S.H.V.E. Transactions, Vol. 29, 1923, p. 163.) 

13. Cooling Effects on Human Beings Produced by Various Air Velocities, by 
F. C. Houghten and C. P. Yaglou. (A.S.H.V.E. Transactions, Vol. 30, 1924, p. 193.) 

14. Effective Temperature with Clothing, by C. P. Yaglou. (A.S.H.V.E. Trans- 
actions, Vol. 31, 1925, p. 89.) 

15. The Comfort Zone for Men at Rest and Stripped to the Waist, by C. P. 
Yaglou. (A.S.H.V.E. Transactions, Vol. 33, 1927, p. 165.) 

16. Draft Temperatures and Velocities in Relation to Skin Temperature and 
Feeling of Warmth, by F. C. Houghten, Carl Gutberlet and Edward Witkowski. 
(A.S.H.V.E. Transactions, Vol. 44, 1938, p. 289.) 

17. Die Hygienischen Grundlagen der Liiftungstechnik, by Weiss. (Munich, 1924.) 


DISCUSSION 


C. M. Humpureys, Cleveland, Ohio (Written): This paper presents an in- 
teresting treatment of the performance of air streams issuing from grills and similar 
openings. The proposed method of predicting draft is open to question, however, 
and any attempt to make practical application of the equations given for this purpose 
should be made with extreme caution. 

The Authors limit the application of their equations to jets which are not dis- 
turbed by surrounding walls and in which no guide vanes are employed. Although 
it is not so stated in the paper, normal and uniform approach to the outlet must 
also be a prerequisite. Such limitations would preclude the use of the proposed 
method in the actual design of air conditioning systems. 


‘ 


238 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


The value of K; (Equations 13, 14 and 15) chosen by the authors does not seem 
to be consistent with other limitations which they impose. Various investigators 
have found values for Ky varying from 7 to 3.5. G. L. Tuve obtained values of 
5.5, and 4.5 and 3.5 for 500, 200 and 100 fpm, respectively. McElroy also found that 
Ky decreased with decreasing velocity. Although the authors state that their equa- 
tions for draft are applicable only to velocities lower than 200 fpm, they have used a 
value of K; which would be indicated for almost twice that maximum velocity. 

Previous work by the A.S.H.V.E. Research Laboratory would indicate a much more 
complex relationship between drafts, air velocity, and temperature difference than 
that derived by the authors. It was found, for instance, that for a given difference 
between room and jet temperature, the air velocity at the ankles could be approxi- 
mately three times as great as that which could be tolerated at the back of the neck. 

The results obtained by Houghten and Yaglou and shown in Fig. 6 would suggest 
that the type and amount of clothing worn also is of importance in any consideration 
of drafts. 

It seems unlikely that draft is entirely independent of room or jet temperatures, 
and that, as indicated in the paper, it depends only on the jet velocity and the dif- 
ference between the room and jet temperatures. According to Equation 41 with 
jet velocities of 100 fpm, equivalent conditions of draft would be obtained with room 
and jet air temperatures of either 68 F and 75 F or 75 and 82 F, respectively. 

In closing, I should like to congratulate the authors for their courage in under- 
taking an analysis of drafts, when we in this country have not even been able to 
agree on the definition of a draft. 


H. B. Notrace, Cleveland, Ohio (WritrEN): Oversimplification of complicated 
problems, as evidenced in this paper, has long been a practical expedient in air 
distribution for need of accurate information. This is acceptably justified by urgent 
necessity, although this paper presumably would not have taken its present assertive 
form if information such as the following had been known to the authors: 

1 The Reynolds Number in Equation 1 has been shown by other experiments to 
have an appreciable influence. 

2 Careful aerodynamics research has given further evidence of the nonconstancy 
of the constant in Equation 15 in the farther regions of a free jet. This indicates 
that the postulates adopted by these authors, and others as well, have limitations. 
Changes in the turbulence conditions and related slight pressure differences are 
important as well as unconsidered air currents.” 

3 The idealized grid discharge of Fig. 4 is subject to a violent instability of the 
small jets under some conditions of geometry and flow. This would not necessarily 
be shown by tests over a limited range and evidently was not encountered by the 
authors. 

4 In nonisothermal jets, the temperature has been shown by other experiments to 
equalize more rapidly than the velocity. Equation 30 should be used advisedly. 

5 Effective temperature as used in this country involves comfort sensations which 
are not simple heat-transfer phenomena and which should not be oversimplified to 
a general linear equation without great caution. Specific limits for the approxima- 
tions adopted and the basis of a free jet in a large space should be emphasized, lest 
erroneous applications be made. 

Encouragement, however, is certainly in order for any attempt to define draft 
quantitatively, despite limitations relating to the .»ck of more general data. 


AND Puitip HERMANN, Cleveland, Ohio (WritTEN): During the 
past year, a considerable amount of co-operative research with THe AMERICAN So- 
ciety OF HEATING AND VENTILATING ENGINEERS was conducted at Case Institute 
of Technology on the subject of airflow performance from perforated panels. The 
results of this project are now in the form of a report and in the hands of the TAC 
on Air Distribution. 


DISCUSSION ON AIR DISTRIBUTION AND DRAFT 239 


It will be of interest to the members of the A.S.H.V.E. to know that the theory 
and physical behavior of the air jets leaving a grid as pointed out by the authors is 
very similar to the findings of the research conducted at Case. 

Tests were conducted at Case on perforated panels with a percentage of free area 
from 3.1 to 40.5 percent. The mechanism of airflow was found to be similar for all 
panels. Experimental observations indicated that the air jets from the perforations 
formed a homogeneous stream at a short distance from the panel face, and the cross- 
sectional area of this stream was dependent upon the gross panel area. The behavior 
of the air stream after this diffusion process was similar to that of a single large jet. 
Based on these physical characteristics, good correlation was obtained by equating 
the momentum of the individual jets to the momentum of the air stream at any 
distance from the panel face. 

Rydberg and Norback describe the air discharge through a grid as follows: The 
same formulas apply for single openings and for grids because the discharged air is 
diffused after it leaves the grid, and the jet area is increased. The drop in velocity 
due to diffusion is fully compensated for by the increase in jet area. 

Two dimensionless parameters based on the momentum equation, as applied to 
perforated panels, were used in plotting the test results. 


The parameter 


Vx 1 maximum residual velocity at the distance X from the panel face x 
Vo Vcq %F.A. outlet velocity at jet contraction 
1 


Coefficient of discharge aes) 


panel area 


X dist f 1 f 
was plotted against ( —— 


) The reciprocal 


V P.A. V panel area "Vea % F.A.’ 
is a diffusion parameter which corrects the residual velocity ratios, Vv.’ to values 
o 


corresponding to those from uniform area outlets. A corrected residual velocity ratio 
of 1.18 was obtained near the perforated panel face. A value of 1.2 was found by other 
experimenters for conventional type ventilating outlets of 100 percent free area. 


Equation 25 can be altered by proper substitution to obtain the same dimensionless 
parameters as found in our derivation. However, the value of Ki equal to 5, as 
suggested by the authors and used in Equation 25, predicts residual velocities which 
are considerably higher than those found by the Case tests on perforated panels. A 
value of 3.5 is suggested by the test data. 

Fig. 3 represents a plot which may prove useful in correlating data on stream 
envelopes from various types of ventilating outlets. A limited number of our ex- 
perimental points for perforated panels show close agreement with the curve shown 
in Fig. 3. 

In applying this plot for determining a stream shape, the variation of centerline 
velocity, I’m, with distance X, must be known from data for a given outlet. The 
residual velocity profile, V, can then be assumed and the envelope determined from 
the values of y. This method would apply to perforated panels and grills under 
isothermal conditions of air flow. 


The theory covering the subject of air distribution and draft presented in this 
paper will serve as a valuable tool in developing and correlating theory and data 
obtained from research on air distribution projects. 


‘ 
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G. L. Tuve, Cleveland, Ohio: There is a language difficulty in this paper intro- 
duced by the use of the term grid. In most cases, it is used for what we would call 
a perforated panel. In some cases, the perforations are closely spaced, giving a 
large, free area. Such an outlet face we would probably call a grill. 

As you read this paper, you will find a number of things in it. Mr. Nottage 
mentioned one of the significant statements in this paper, mainly: the assumption 
that temperature and velocity equalize correspondingly. That is, if you have a stream 
of cold air coming from a grill and you measure the velocities or the temperatures, 
you may interchange the readings. In other words, if the velocity has been reduced 
to a lower level, is it true that you do not have to be concerned about a large 
temperature difference? 

This is an important condition, and it is fairly closely true in most cases that we 
have worked with at Case Institute of Technology. 


AvutHors’ CLosureE: In the discussion of our results, two principal objections have 
been stated. One concerns the theory of the jet course and the other concerns our 
conception of draft. No theory hitherto presented on the course of free jets gives 
accurate coincidence with all the experimental data available, especially at large 
distances from the inlet opening. This may, however, as is pointed out by all ex- 
perimentists concerned with these problems, be due both to the difficulty in measuring 
low velocities, as well as to disturbances from the surroundings. Lately, Folsom and 
Ferguson!8 have shown, that the turbulence, and, consequently, the mixing may die 
out at some distance from the inlet opening, but they also state that no measure- 
ments hitherto made make it possible to estimate the final transition point. The 
momentum theory agrees fairly well with experimental data, and as yet there is no 
really decisive evidence of the opposite, which precludes the use of this very simple 
way of handling the problem. As to the value of the constant K; Messrs. Humphreys, 
Nottage and Koestel all suggest lower values than 5, and this may be reasonable. 
The experiments by Corrsin 19 and the paper by Folsom and Ferguson!8 give values 
around 5 for the distant parts of the jet. Becher 2° arrived at a mean value of 6.5. 

The second objection seems to be that we have oversimplified the problem of draft 
by introducing the quantity @ and the condition for freedom from draft. For 
instance, the sensitivity for draft is said to be much greater on the neck than on the 
wrist. This is, of course, so, as has also been verified by our measurements, but the 
vital point is that the reactions as to whether the air stream is felt cool, neutral, or 
warm in a given case coincide fairly well for all parts of the body. Mr. Humphreys 
suggests that the temperature difference necessary for freedom from draft should 
depend on the room air temperature. Our measurements have been extended over 
room air temperatures, ranging from 64 to 72 F, and within these limits we have 
found no change in the temperature difference needed. If the room air temperature 
is changed considerably from these values, the conditions will of course alter. 


18 Jet Mixing of Two Liquids, by R. F. Folsom and C. K. Ferguson (A.S.M.E. Transactions, Vol. 
71, January, 1949, No. 1). 

19 Investigation of Flow in an Axially Symmetrical Heated Jet of Air, by Stanley Corrsin (Wartime 
Report, N.A.C.A., Report No. 3L23). 

20 Calculation of Jets and Inlets in Ventilation, By Poul Becher (Copenhagen, 1949). 
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PERFORMANCE OF RESIDENTIAL CHIMNEYS?* 


By L. B. Scumitt* ano R. B. EncpAHL**, CoLtumMBus, OHIO 


HIMNEY action is an important factor in the overall performance of resi- 

dential heating equipment, whether the heater depends upon the chimney 
draft to supply the air for combustion, or only to move the products through the 
unit and then to exhaust them into the atmosphere. In the low-cost house 
particularly, because of the small size of the chimney, the chimney may be the 
deciding factor in the success or failure of the equipment which it serves. For 
this reason, it is important to establish reliable information on the performance 
of residential chimneys. 

The information which is available in the literature includes a large number 
of opinions and calculations of theoretical chimney characteristics ; experimental 
data on industrial chimneys; and also a recent extensive laboratory study of 
domestic chimneys made by Dill, Achenbach, and Duck!. However, these data 
are of limited value because of the large number of variables involved and 
because of the many questions regarding the operational characteristics of the 
residential chimney which still remain unanswered. The object of this paper 
is to seek an answer to some of these questions, inasmuch as they are of practical 
importance and they affect experimental techniques in chimney design. 


SUMMARY AND CONCLUSIONS 


The quickest and most reliable means for obtaining information on a chimney 
is experimental measurement, inasmuch as the large number of variables affect- 
ing the operation of a chimney make precise chimney analysis not only extremely 
difficult but also limited in its application. 

Tests were conducted on four different types of chimneys to obtain their 
operational characteristics. Two of the chimneys were common brick, one was 


+ This study of residential chimneys has been conducted at Battelle, for Bituminous Coal Research, 
Inc., the objective being to obtain information on small residential chimneys for hand-fired heating 
equipment. 

* Research Engineer, Battelle Memorial Institute. 

** Supervisor, Battelle Memorial Institute. Member of A.S.H.V.E. 

1 Exponent numerals refer to Bibliography. 

Presented at the 55th Annual Meeting of THe American Society oF HEATING AND VENTILATING ENGI- 
NEERS, Chicago, IIl., January 1949. 
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constructed of lightweight materials, and one was an experimental double-walled 
chimney designed to overcome the effects of wind. 

It was found that chimney efficiency varied only slightly with the various 
chimneys tested, and was not greatly affected by the materials or type of con- 
struction. The cross-sectional area did have some effect on the efficiency, but 
only insofar as it affected the friction and the recirculation losses. 

Recirculation of the flue gases within the chimney and flue pipe was found 
to have considerable effect on the cooling and the friction losses. The effect 
of recirculation decreased as the rate of flow increased. 

When the flow of gases was increased beyond approximately 200 lb per hr, 
to simulate chimney operation with stoker equipment, the draft and efficiency 


TaBLe 1. Net AvaAILABLE HEAT FoR VARIOUS FUELS 


FUEL NET AVAILABLE HEAT, 
Btu Per Ls or FLUE Gas* 


a These figures are based on 0 percent excess air with all fuels?. 


were found to decrease, the rate of decrease depending upon the inlet tempera- 
ture. This effect was expected, since friction losses increase as the square of 
the rate of flow. 

Tests were conducted under simulated wind conditions on the experimental 
double-walled chimney, and also on a commercial chimney top. Wind was found 
to have undesirable effects on both the double-walled chimney and the chimney 
ventilator. It is recognized that wind may have a deleterious effect on the 
operation of a short chimney because of the low available draft often provided 
by this type of chimney. 

A method is described whereby the available chimney draft for the small resi- 
dential chimney can easily be calculated with a precision of +10 percent. 


VARIABLES AFFECTING CHIMNEY PERFORMANCE 


The large number of variables involved in the operational characteristics of 
a chimney makes an accurate, analytical approach to the problem of chimney 
design almost impossible. The most important variables are the chimney-flue 
inlet temperature, and the rate of gas flow. These factors include the effect 
of velocity on friction loss, and the effect on average chimney temperature. 
Other variables that must be considered, because at times they play an important 
part in chimney operation, are: height, elevation, cross-sectional area and shape, 
type of interior surface, conductivity of wall, leakage, outdoor temperature and 
humidity, specific heat and mass of chimney, tightness of house, wind velocity 
and direction, adjacent structures, and design of chimney top. 

Two factors which do not affect performance but which must be carefully con- 
sidered are cost and fireproofness. 

The type of fuel burned in the appliance has not been mentioned as being an 
important variable because the amount of flue gas emitted per Btu liberated does 
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not vary enough between various fuels to be of significance. Table 1 shows the 
net available heat, Btu per pound of flue gas emitted, for three common fuels. 
In practice, however, the type of fuel is of consequence relative to soot forma- 


Fic. 1. HEATER APPARATUS AND FLUE PIPE AT CHIMNEY 
No. 1 BEFORE INSULATION WAS APPLIED TO HEATER AND PIPE 


tion, because soot deposits reduce the size of the flue area and consequently 
increase the friction of the flue. 

Construction and Safety: Chimneys other than the conventional brick type 
include those made of lightweight, less expensive materials, such as asbestos 
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cement, enamelled steel insulated with rock wool, enamelled tile, or other fire- 
proof materials. The brick chimney has the advantage of being recommended, 
in the Building Code® of the National Board of Fire Underwriters, for oil, gas, 
or coal-fired equipment, whereas few of the lightweight chimneys at the present 
time have been approved for all three types of fuel. 


DEFINITION OF DRAFT 


Draft is here defined as a negative differential pressure; thus, it is the absolute 
pressure at the thimble, less the absolute atmospheric pressure. The opposite of 
draft will be called positive pressure and will be defined as a positive differen- 
tial pressure. 


Test EQUIPMENT 


Tests were conducted on four small residential chimneys each 13 ft high above 
the thimble and 17 ft above the floor, and constructed as follows: 


Chimney No. 1 (see Fig. 1). 8 x 8 in. clay flue lining (6% x 6% in. inside) sur- 
rounded by 4 in. thickness of common brick laid in cement mortar. Space (approxi- 
mately 1% in.) between lining and brick filled with cement mortar. 

Chimney No. 2 (see Fig. 1). Same as No. 1, except that flue lining sections were 
not cemented together and the space between lining and brick was not filled. 

Chimney No. 3 was of vitreous-enamelled flue pipe, 7 in. inside diameter or a cross- 
sectional area of 38.48 sq in., insulated with an expanded mineral material and enclosed 
in an outer steel casting 11 in. in diameter. This lightweight chimney was instrumented 
in much the same manner as Chimney No. 2, since only comparison tests were to be 
conducted. 

Chimney No. 4. A 4 in. I.D. steel flue surrounded by 2 in. glass wool insulation 
enclosed in an 8 in. diameter retainer shell and enclosed in a 4-in.-thick brick chimney 
91%, x 9% in. (inside). The space between the retainer shell and the inside of the 
brick enclosure was used as an air supply duct through which air for combustion was 
drawn from the top of the chimney and delivered by the fan to the fuel-gas-heated 
stove (see Fig. 2). 


The first chimney was a conventional brick type constructed according to 
recommendations of the Building Code®. A second chimney of identical size 
was built for comparative purposes. in order to check the differences of opinion 
among heating engineers regarding the desirability of air or mortar surround- 
ing the liner. In this chimney the liner was dropped into place and the joints 
were left unsealed ; this is common practice, though not in accord with the Code. 

Fig. 1 shows the two brick chimneys tested, also the combustion chamber 
(before insulation was applied) used to supply hot gas to the chimneys and the 
auxiliary equipment used in the tests. Both chimneys were constructed by a 
local bricklayer, who had considerable experience constructing residential chim- 
neys. Chimney No. 1 was completely supplied with instruments to permit 
determination of flue-gas temperature at nine levels, surface temperatures inside 
and outside at these levels, and interior brick temperature at four points. The 
minimum of instrumentation was installed on Chimney No. 2, as it was to be 
used simply for comparison with the code chimney, to determine the effect of 
air space. 
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Wind Effect 


Although no mention has yet been made of wind effect, it is a very important 
factor in the operation of a chimney. To combat this effect, P. C. Vyff, formerly 
associated wth the project, proposed that the air for combustion be drawn 
from approximately the same point as that at which the flue gases were 
exhausted into the atmosphere. Theoretically, the wind should then have no 
effect on the chimney draft, because a gust of wind should pressurize equally 
both the combustion-air inlet and the flue-gas outlet; and then, although the 
absolute pressures increased, the chimney draft should remain the same. This 
principle was embodied in the double-walled Chimney No. 4 (see Fig. 2). The 


Fic. 4. BLOWER AND DOUBLE-WALLED 
CHIMNEY 


Fic. 3. CHIMNEY VENTILATOR 


inside diameter of the center flue was 4 in., providing a cross-sectional area 
of 12.56 sq in. 

Fig. 3 shows a roof type ventilator which was tested under a variety of wind 
conditions on the common-brick Chimney No. 2. 

Means for producing wind effect at the top of Chimney No. 4 are described 
in the following section. 


Test Setup 


A gas-fired heater was used to supply heated air and flue gases to all test 
chimneys. A small centrifugal blower delivered air through a measuring orifice 
to the base of the combustion chamber, in which were installed three gas burners. 
The top of this vertical, well-insulated chamber was connected to an inverted 
U-bend, made also of 7-in. pipe, insulated with 2 in. of rock wool and covered 
with a layer of aluminum foil. This inverted U-bend discharged downward 
into a vertical pipe, which had been incorporated to take advantage of the 
mixing of thermal currents inherent in this type of flow. From this vertical pipe, 
the flue gas was turned through a 90-deg elbow into the horizontal flue. 

The temperature traverses were obtained with a high-velocity aspirating-type 
shielded chromel-alumel thermocouple (the precision of the temperature measure- 
ments was within +1 percent). 


— 
~ 
= 
y 


PERFORMANCE OF RESIDENTIAL CHIMNEYS, BY SCHMITT AND ENGDAHL 247 


Because of the effects of adjacent equipment on the temperature of the air 
surrounding the chimney, an insulated, water-cooled, copper-tube reference 
column was installed. This column, shown in Fig. 2, was employed to eliminate 
any effects on the manometer lines due to unequal ambient air temperatures 
surrounding the chimney, an effect which was found.to influence the measured 
draft as much as 1% percent. Detailed calculations converted the reference to 
a standard of 29.92 in. of mercury and 60 F. 

A large blower was constructed to test double-walled Chimney No. 4, as well 
as the experimental chimney top under simulated-wind conditions. Fig. 4 shows 
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Fic. 5. VARIATION OF AVERAGE FLUE-GAS TEMPERA- 
TURE FOR A 17-FT CHIMNEY (DATA TAKEN FROM 
REFERENCE 1) 


this blower mounted at the top of the double-walled chimney. Through the use 
of a specially designed mount, the angle of attack and wind direction could be 
set at any desired position. Extensive tests were made with various cones 
mounted in front of the fan to make certain that the velocity profile was uniform 
across the blower over the entire operating range. 


Test PROCEDURE 


The same test procedure was used for all chimneys tested. Tests were made 
at a number of nominal inlet temperatures and at various flows. Flue traverses 
were made at various points along the horizontal flue and vertical chimney to 
determine the temperature gradient. The efficiency of the chimney was com- 
puted from the test data thus obtained, as were also the heat loss and the 
friction loss. The chimney efficiency, in percent of theoretical available draft, 
was calculated as follows: 


available draft 


100 
draft calculated from the inlet temperature x 


Efficiency = 


The percentage of theoretical draft lost, accountable to cooling in the chimney was 
derived as follows: 
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theoretical draft —calculated draft based on average 
chimney temperature 


ideal draft x 100 


Cooling loss = 


The percentage of theoretical draft lost because of apparent friction in the chimney 
was derived as follows: 
calculated draft — available draft 


theoretical draft x 100 


Apparent friction = 
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Fic. 6. VARIATION OF AVERAGE 
GAS TEMPERATURE ALONG FLUE 
PIPE 


Tests were made on the double-walled chimney and the ventilator under a 
variety of wind conditions. With the temperature, flow, and direction held 
constant, the angle of attack was varied to see what effect wind at various 
vertical angles would have on the chimney draft. Tests were also conducted, in 
the same manner, to determine what effect wind direction had upon the 
chimney draft. 


CHIMNEY CHARACTERISTICS 


Recirculation and Temperature Gradient 


Two reasons for two hitherto unexplained discrepancies (effect of tempera- 
ture drop at chimney entrance and effect of friction loss) that had appeared in 
data from previous chimney investigations! and which have also appeared in the 
authors’ data, were disclosed from tests that were conducted on Chimney No. 1. 
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The first discrepancy pertained to the temperature drop at the point where the 
flue pipe entered the chimney proper. 

Fig. 5 shows the temperature gradient in a chimney tested by Dill’. The 
decided temperature drop at the thimble is shown clearly by this figure. 

Figs. 6 and 7 show the temperature gradient and the vertical temperature 
profiles for several test conditions as found by a temperature survey made in 
the horizontal flue of Chimney No. 1. This was made to determine the type of 
flow occurring in the duct. From these figures can also be noted the sharp drop 
in temperature at the chimney inlet, and the variation in the temperature profile. 
Weske* has shown that for elbows of more than 30-deg angle of bend and of 
small radius ratio, separation does occur, frequently accompanied by a reversal of 
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Fic. 7. "TEMPERATURE PROFILES IN INSULATED FLUE 
PIPE SHOWING EFFECTS OF INLET TEMPERATURE AND 
FLOW RATE ON RECIRCULATION IN CHIMNEY 


flow ; whereas a region of eddying flow near the inside wall of the curved ducts 
is encountered in all cases. The chimney-temperature surveys and the work 
done by Weske would indicate that undoubtedly recirculation of the flue gas is 
taking place; hence the discrepancy in the flue-gas temperature at the thimble. 

A sudden change in cross-sectional area may at times be of importance. An 
enlargement of the horizontal flue or vertical chimney flue may result in added 
reversal of flow (recirculation) because of the decrease in the velocity of the 
gases; while a decrease in cross-sectional area would cause an increase in the 
friction losses and possibly some recirculation before the restriction. This latter 
effect was noticed with the double-walled chimney where a decrease in cross- 
sectional area in the horizontal flue caused an uneven temperature gradient 
before the restriction, a condition which could only be attributed to internal 
turbulence. 

Fig. 8 shows this uneven temperature gradient in the horizontal flue. It 
may be noted that the gases flow from the horizontal flue into Chimney No. 4 
through a 90-deg elbow, while in Chimneys 1, 2, and 3, as in most chimneys, 
the horizontal flue is connected to the chimney by a tee. This latter arrange- 
ment in all probability would increase the recirculation losses. 
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Fic. 8. VARIATION IN HORIZONTAL 
FLUE TEMPERATURE WITH REDUCTION 
IN CROSS-SECTIONAL AREA 


Recirculation and Friction 


The second important discrepancy was related to the effect of the friction 
loss, in the chimney, on chimney performance. It was found from previously 
published data on friction factors in roughened pipes® that the friction factor 
would, regardless of roughness, approach a maximum of 0.016, a value that is also 
used for chimneys in the HEATING, VENTILATING, AIR CONDITIONING GUIDE. 
But even with a friction factor of 0.016, the actual friction loss was much 
larger in the majority of tests than the calculated theoretical friction loss. 
When recirculation occurs, it affects the friction losses; therefore, it would 
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appear that much of the apparent friction loss actually results from eddy and 
recirculation losses. The calculated friction is extremely small, and depends 
wholly upon the accuracy of the test data. It is believed that the test data, prin- 
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Fic. 10. DRAFT BALANCE PLOTTED AGAINST TEMPERA- 
TURE FOR THREE TYPES OF CHIMNEYS 


cipally the temperature measurements, are not precise enough to warrant accu- 

rate calculations of the friction loss. An error of a few degrees in temperature ' 
measurement (and this error might again be blamed on recirculation) would 

have a considerable effect on the calculated friction loss. 
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Recirculation of the flue gases was found throughout the entire length of the 
chimney at low flows. This was verified by observing the flow of gases into 
the chimney top by the striation or shadowgraph method, in which it was noted 
that at extremely low rates of flow there were periodically small amounts of 
outside air which flowed into the chimney top, while the gases surrounding the 
chimney momentarily shifted to one side. However, as it was not observed at 
the higher flow rates, it is thought that in the practical range of flows this 
effect does not occur. 


Correction for Recirculation 


It has been pointed out that because of recirculation there is an appreciable 
drop in temperature where the flue gases enter the chimney; hence it can be 
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seen that the chimney-inlet temperature obtained from a test survey and based 
on the extrapolated temperature gradient would not be a true indication of the 
chimney-inlet temperature. This chimney-inlet temperature would be some func- 
tion of the recirculation, which is a facter that would be almost impossible 
to analyze. 

For the first few tests, the theoretical temperature gradient of the horizontal 
flue was calculated from heat-transfer data. This new curve was extrapolated 
to the thimble of the chimney, and the resulting temperature was assumed to 
be the true chimney-inlet temperature. Fig. 6 shows this theoretical curve in 
dotted lines, but for the majority of tests the theoretical curve was used only 
as a guide, because a curve could easily be drawn that approached the theoreti- 
cal with an error of only a few degrees. 


Effects of Construction 


The effects of the methods of construction on chimney efficiency were ana- 
lyzed by comparing the results of the performance tests of Chimneys No. 1 and 
No. 2, and the comparison showed that the presence of an air space instead of 
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mortar surrounding the liner in the brick chimney had no effect at all on the 
chimney operational characteristics. Moreover, there seems to be no appreci- 
able insulating value in the air space. From a mechanical standpoint, therefore, 
the standard grouted-liner construction is preferable since it holds the liner in 
place when it becomes cracked. 


Available Draft 


Fig. 9 is a graphical presentation of the available chimney draft over a wide 
range of flows for a standard 13-ft brick chimney with an 8 x 8-in. (nominal- 
size) flue liner. Using performance values of the heating unit at full rating, 
it is possible to determine from this graph whether the chimney is adequate for 
the particular heating unit attached to it. By entering the chart at percentage 
COs, moving vertically to the curve representing pounds of flue gas per 
pound of fuel, then horizontally to the fuel rate and vertically to the chimney inlet 
temperature, the available draft may easily be determined. 

The use of this chart can best be explained by a numerical example: 10 per- 
cent COs, fuel rate 10 Ib per hr, and a chimney inlet temperature of 400 F. 
These conditions, it can be seen, will give an available chimney draft of 0.057 in. 
water for a 13 ft chimney. The margin of capacity is obtained by comparing 
this value with the rated draft of the appliance. 

With a chimney attached to natural-draft equipment, the draft obtained is 
an important factor in the correct operation of the heating equipment; but with 
a stoker which is under forced draft, draft is important only to prevent efflux 
of gas from the equipment. 

It may be noted that for flow rates above approximately 200 lb per hr that 
the draft and the efficiency decrease. This effect is to be expected, as the friction 
loss in a duct increases as the square of the rate of flow. 


E ficiency 

Fig. 10 shows the comparative efficiencies of Chimneys Nos. 1, 3, and 4: (A) 
is the fraction of the theoretical draft obtained as available draft, (B) is the 
fraction of the theoretical draft lost by cooling, (C) is the fraction of the theo- 
retical draft lost because of apparent friction, and (D) is the fraction of the 
theoretical draft lost from calculated friction. (E) The difference between the 
fraction of the theoretical draft lost because of apparent friction and the calcu- 
lated friction is an unaccounted-for loss. It can be seen that the average avail- 
able draft lies between 70 and 80 percent of the theoretical draft for the average 
operating conditions, although Chimney No. 3, a lightweight insulated chimney, 
has a higher efficiency at low temperatures and flow rates than the standard 
brick chimney. 


Pickup 


With lightweight Chimney No. 3 there is a slightly faster rate of pickup than 
for a brick chimney, but the pickup rate of any standard chimney considered by 
itself is probably greater during the kindling period than is the combustion 
pickup of most coal-fired heating equipment. A possible exception to this rule 
would be with stokers, as these operate under forced draft and their pickup 
rate can be very high. 

Fig. 11 is a comparison of two typical pickup curves, one for a brick chimney 
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with the laboratory heater, and one for a small hand-fired space heater attached 
to the same chimney. It can be noted that the combustion pickup of the space 
heater and chimney is lower than the pickup when the chimney is supplied with 
hot gas from the start; hence the advantage of special pickup merits of insulated 
chimneys is small with natural-draft equipment. 


Winp EFFECT ON THE CHIMNEY ToP 


The varying effects of wind upon a chimney have always been a troublesome 
problem, inasmuch as air flowing around and over a building creates many 
eddies and vortices which may affect the chimney draft to a considerable extent. 
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Fic. 12. Arr FLOW OVER A BUILDING 
AND CHIMNEY 


These effects may either be from ram pressure upon the chimney itself, or from 
the increase or decrease in pressure around the house because of the changing 
velocity of the air stream as it flows over the dwelling. Fig. 12, (a) and (b), 
shows the air flow over a smal! house and chimney for a gust of wind, and also 
for wind at a constant velocity®. To make the illustration clearer, the chimney 
height is shown below the ridge, and in dotted lines above the ridge of the 
house. It can be seen that it is important to build the chimney a few feet 
higher than the ridge to avoid the region of turbulence. It is frequently recom- 


mended that the chimney should be a foot or more higher than the ridge of the © 


house, although exact dimensions cannot be given, because of the many varying 
physical conditions and the everchanging wind velocities. A chimney top only 
as high as or below the ridge may well be in the region of turbulence, and the 
result may be a marked decrease in draft. 

A theoretical example of the increase in pressure at the chimney top due to 
change of velocity head to static pressure, ram pressure, at this point, was com- 
puted for an air-stream angle (angle of attack) of 30 deg above the horizontal 
plane of the chimney top, and a wind velocity of 40 mph. The increase in pres- 
sure under these conditions amounted to over 0.100 in. of water. For a small 
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residential-type chimney this increase in pressure at the chimney top would 
probably be greater than the available draft, as an average draft of approxi- 
mately 0.09 in. of water can be expected for a chimney only 15 ft in height. 
From this example it can be seen that for the smaller chimneys that are used 
for low-cost housing the ram effects of wind may become very serious. 

The suction and pressure effects around the house which are due to the change 
in velocity of the air stream are almost impossible to evaluate with any degree 
of accuracy, but they too will have damaging effects on the performance of 
the chimney. It should be emphasized again that a chimney built above the ridge 
of the house will minimize these disturbances considerably. 
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TIONS WITH CHIMNEY TOP) 


Tests UNDER SIMULATED-WIND CONDITIONS 


The Double-Walled Chimney: The double-walled chimney, which was spe- 
cifically designed to overcome wind effects, did not function as was hoped; 
wind had a marked effect upon the draft regardless of what measures were 
taken to counteract it. Compared to other chimneys previously examined, the 
efficiency of this chimney is favorable, which is probably due to the low heat 
loss. It appears that this type of chimney is no better than the conventional 
chimney in overcoming the effects of wind upon the draft, but it could be useful 
in homes where the tightness of the house would restrict the air for combustion, 
creating an adverse effect on the chimney draft. With this arrangement, the 
house could be perfectly tight without affecting the operation of the heating unit. 

The Chimney Ventilators Fig. 13 shows the results of the tests made on 
Chimney No. 2 under simulated-wind conditions both with and without the 
ventilator shown in Fig. 3. The draft variation is plotted against the air-stream 
angle of attack for a wind velocity of 24 mph. 

A chimney ventilator, if properly installed and maintained, will in the majority 
of cases, counteract the wind to a considerable extent. There are cases, for 
example, a very tight house, where a chimney ventilator will not help; hence, 
it is not a cure all for all chimneys having poor draft, or those connected to 
equipment which may produce even a small amount of soot, the accumulation 
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of which over a period of time might affect the operation of the ventilator by 
clogging any small passages. 


DETERMINATION OF AVAILABLE CHIMNEY DRAFT 


One of the most important problems in the design and construction of resi- 
dential chimneys involves the determination of the available drait for any small 
chimney. The available draft will be some function of the ideal draft, and the 
losses from conduction, friction, and recirculation. It can be seen that a rigidly 
complete solution for determining the available draft would be extremely 
unwieldy and subject to inaccuracies which would be due to the assumptions of 
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Fic. 14. Curve oF EFFECT OF FLOW ON EFFICIENCY 
DERIVED FROM TEMPERATURE PLOTS (CHIMNEY No. 1) 


various heat-transfer coefficients, friction factors, and other variables; hence, a 
reliable, approximate solution to this problem is desirable. 
The available chimney draft may be written in the following manner, 


where 
D: = theoretical chimney draft, based on inlet temperature. 
1 = chimney efficiency. 


It has been found from the test data obtained in this investigation that for 
a small residential chimney 10 to 25 ft in height, and with a cross-sectional area 
of 35 to 55 sq in., the chimney efficiency will vary only within +10 percent for 
chimneys at the same flow and temperature conditions regardless of friction 
and cooling losses; therefore, the product of the theoretical draft and the effi- 
ciency obtained from a previously tested chimney, at the desired flow and 
temperature conditions, will give an approximate solution for the unknown 
available draft. It may be expressed algebraically as: 


where 


Dt = theoretica! chimney draft, inches of water. 
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4c = chimney efficiency taken from Fig. 14, at the desired conditions of tem- 
perature and flow. 


Fig. 14 is a plot of chimney-efficiency test data obtained over a wide range of 
flows for common brick Chimney No. 1. 

The theoretical chimney draft, in inches of water, may be computed from the 
following equation: 


1 1 
= 0.2554 BH lz (3) 


where 


barometric pressure, inches of mercury. 
chimney height, feet. 

Tc = chimney inlet temperature, Fahrenheit absolute. 
To = ambient air temperature, Fahrenheit absolute. 


The slight change in efficiency due to the variation of the cooling and fric- 
tion losses with changes in height, cross-sectional area, and materials, is disre- 
garded in this method. This is done to simplify the procedure as much as 
possible, and to make a workable solution which can easily be used. It must 
be remembered, however, that it is only an approximate method for small resi- 
dential chimneys with a height from 10 to 25 ft, and a cross-sectional area from 
35 to 55 sq in. 

An example of the use of this method may be had by comparing it with some 
actual test results. The following example is given: chimney height, 13 ft; 
inside diameter, 7 in. (area 38.5 sq in.) ; inlet temperature, 205 F; flow, 270 Ib 
per hr, ambient air, 60 F, and barometric pressure, 29.92 in. Hg. 


The theoretical draft as calculated from the draft equations: 


Dt = 0.2554 X 29.92 X 13 | 
= 0.0397 in. of water. 
From the curve in Fig. 14 the chimney efficiency may be found: 
= 0.60. 
Substituting », and D, in Equation 2 and calculating, 


Da = 0.60 X 0.0397 
= 0.0238 in. of water. 


The actual test results corrected to 29.92 in. Hg at 60 F gave, 


Da = 0.0239 in. of water, 
Error = 0.4 percent. 


The reliability of this method of determining chimney draft was further indi- 
cated when checking it with the results obtained from Dill’s test data’. Calcula- 
tions were made on a 22.3-ft chimney (inside dimensions 7.25 x 7.25 in.) cor- 
recting the available draft that he observed to 60 F. The available draft that Dill 
recorded compared within 6.9 percent of the draft that was calculated. This 
percent error is well within the allowed range. 
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If the percent CO, and fuel rate are the only known factors for the determina- 
tion of the available draft for the unknown chimney, then the flue-gas flow may 
be determined from the lower plot of Fig. 9, and the problem worked as just 
described. 

It should also be noted that at the higher flows which simulate operation with 
stoker equipment, the error due to friction losses will increase as the flow 
increases, but a reliable determination of the available draft may still be had at 
only a slight increase in error. 
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DISCUSSION 


P. R. Acnensacu, Washington, D. C. (WritteN): This paper presents interesting 
and useful information on recirculation in chimneys, wind effects, chimney caps, and 
chimney efficiency. There is general agreement between the test results on chimney 
draft and chimney efficiency reported in this paper and those obtained at the National 
Bureau of Standards. The reference column used for draft measurements and the 
indoor installation of the chimneys probably provided better control of test condi- 
tions and greater precision than could be obtained with chimneys extending out-of-doors. 

Recirculation and eddy currents undoubtedly affect the observed temperature drop 
at the entrance to a chimney and the actual draft loss due to friction. However, some 
cooling of the gases would occur at the chimney inlet due to conduction downward 
through the brick in the base of a chimney that would be independent of down-drafts 
or eddy currents. Eddy currents near the sidewalls of a chimney could be predicted 
from an analysis of the pressure and temperature gradients in a chimney. Since the 
gases are cooled near the sidewalls, the weight of the columns of gases in an annular 
space near the sidewalls would be greater than at the center. Consequently, in the 
lower parts of the chimney the draft would theoretically be greater in the center than 
near the walls. This difference in pressure would cause movement of the gas from 
the sidewall toward the center of the gas stream in the lower part of the chimney 
and probably cause eddy currents near the sidewalls throughout the chimney. Such 
an analysis would suggest that a well-insulated chimney would have less eddy currents 
and therefore less friction. 
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Table 1 and discussion relating thereto indicate that the heat liberated in a furnace 
per unit weight of flue gas produced is about the same for coal, oil, and gas. This is 
somewhat misleading. Approximately 20 percent excess air is used for combustion of 
gas, 50 percent for fuel oil, and perhaps 100 percent for coal. The values in Table 1 
then become 


FUEL NET AVAILABLE HEAT, 
Btu Per LB oF FLug Gas 
585 


That is, coal may produce nearly twice as much flue gas per unit of heat liberated 
as gas. 

In the last sentence under the heading FE ficiency, it is stated in referring to Fig. 10, 
It can be seen that the average available draft for the average operating conditions. ... 
The meaning of average operating conditions should be made clear because Fig. 10 
does not show any such consistency in chimney efficiency. Chimney No. 1 did not 
attain 70 percent efficiency for any inlet temperature at 20 cfm flow rate which is about 
the amount of flue gas produced when an oil space heater burns % gal of oil per 
hour. At 40 cfm both Chimneys Nos. 1 and 3 have efficiencies of 70 to 80 percent in 
the range of inlet temperature from about 350 to 600 F only. 

It is believed that the data presented on pickup are too meager to warrant the con- 
clusions drawn. Pickup of the chimney draft and pickup of the fire are treated as 
independent phenomena when actually they are dependent on each other. The paper 
does not show any comparison of pickup between two chimneys of different con- 
struction, but rather two tests of the same chimney under different conditions. 

Pickup data on different chimneys obtained at the National Bureau of Standards 
indicate draft differences of 0.02 in. W.G. or more (25 to 30 percent difference) for 
identical conditions of pickup where the inlet flue gas temperatures were increased 
at a uniform rate from 250 to 1000 F in intervals of 5 min, 20 min, and 1 hr. These 
tests also showed that the time required to raise the draft on a pot-type oil burner 
to 0.06 in. W. G. ranged from 1% to 4 min, and the time to raise the draft to 0.07 in. 
W.G. ranged from 7 to 39 min after turning the burner on high fire. These results 
indicate that the difference in pickup characteristics of different chimneys may be 
very significant for natural draft heating equipment and especially so for short chimneys. 

It should be pointed out in the text of the paper that the curves in Fig. 14 can be 
used to determine the efficiency of a chimney for ambient temperatures near 60 F 
only. The efficiency of a chimney varies with the ambient temperature. The curves 
in Fig. 14 predict drafts within +10 percent of the values observed in the 7 in. round 
and 7 x 7 in. square chimneys 15 ft in height tested at the National Bureau of 
Standards when these values are corrected for an ambient temperature of 60 F. 
However, they do not show the relationship between available draft and theoretical 
draft at 32 F ambient temperature or any other ambient differing from 60 F too widely. 
The deviation of the observed drafts in the chimneys with 7 x 11 in. liners from those 
predicted by Fig. 14 are of the order of +15 percent for heights of 15 ft. 

Tests of a brick chimney with 7 x 7 in. liner conducted at the National Bureau of 
Standards in 1941 for which some of the results are contained in THE GuipE 1948 
indicated drafts deviating as much as 25 percent from those predicted by Fig. 14 for 
heights of 27.5 ft. For some of the shorter chimneys the correlation was within +10 
percent. Therefore, in our opinion it is doubtful whether Fig. 14 would give results 
within +10 percent for heights up to 30 ft because of the greater cooling of the gases 
in taller chimneys. 
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Cart H. Fiinx, New York, N. Y.: I notice that Mr. Achenbach in his discussion 
referred to 20 percent excess air as the amount that would be used with a gas 
appliance. I am quite aware that one can adjust a gas appliance to 20 percent excess 
air and have safe combustion, but I doubt whether any gas-fired heating appliances 
are designed for operation with 20 percent excess air. I think the quantity is more 
nearly 35 percent if one is going to be sure that the appliance will be able to pass 
all 4.G.A. approval tests. 


G. V. Parmeter, Cleveland, Ohio: I would like to see a little more information 
on friction losses in this paper, for two reasons. First, we have most of our informa- 
tion on friction losses for isothermal flow; that is, the air is at a constant uniform 
temperature. This study seems to offer some opportunity to get good friction data 
on non-isothermal flow. I do not know exactly how the comparisons between THE 
Guine data for friction loss and the figures given in this paper were made. I would 
like to obtain more information on whether the entrance and exist losses were deducted 
from the total friction loss in the chimney. 


J. H. Crarke, Whiting, Ind.: I was interested in the graph of Fig. 13 with refer- 
ence to the ventilator cap which was tested. | can understand that one would probably 
get some ram effect, as the authors call it, or positive pressure on the building. I 
would not expect, however, that this would effect an induced draft type of ventilator, 
unless the ventilator was located on the roof, rather than on a chimney above the roof. 
I wonder what accounts for the apparent wide effect of this positive pressure with 
respect to the roof, to the point where it would affect the cap itself. The curves of 
Fig. 13 probably represent tests where the cap was located below the peak of the 
roof, but I have had some experience with ventilators in conditions which would 
simulate or possibly be much worse than the conditions represented by the tests con- 
ducted by the authors. I have never detected any indication of positive pressure or back 
pressure on this type of ventilator. 

During the war we ran a considerable number of tests on frigates, sea-going tugs, 
and cargo ships where such ventilators were frequently installed. They were located 
in all sorts of places, many of which certainly would not be advocated by the designers 
of the equipment. To the best of my knowledge we never got any back draft on those 
ventilators except in some cases where the internal part of the ship was subjected to 
a negative pressure. Of course, in some cases this negative pressure would be much 
more than the ventilator head was capable of operating against. I would like to ask 
the authors if there is any further explanation in the experimental data which might 
clarify the positive pressure conditions indicated by the curves of Fig. 13. 


Mr. AcHENBACH: I believe I got my information partly from Tue Guine 1948. 
I was checking the data in Tue Guipe and noted that it states that the average excess 
air is likely to be 30 to 35 percent for gas burners, but it may be as low as 20 percent. 


AutuHors’ CLosurE: We wish to thank Mr. Achenbach for his excellent criticism of 
our work and to remark that it is seldom that one can make so direct a comparison 
of one’s test data with that of others and find that the results are quite comparable. 

Mr. Achenbach’s explanation of the phenomenon of recirculation is exceedingly 
interesting. Undoubtedly, these effects are taking place in the chimney to some degree. 
His conclusions that a well-insulated chimney would have less eddy currents, and 
therefore less friction, are actually borne out by some of our unpublished data. We 
have found that in an uninsulated, air-cooled chimney there may be as much as 60 
percent greater apparent friction than there is in an insulated brick chimney; this 
effect seems to be diminished as the temperature is lowered, as would be expected. 

We realize that the percentage of excess air will vary with the type of fuel fired. 
However, we still maintain that the percentage of excess air in the flue gas during 
combustion of various fuels is unimportant; our interest is only in the net available 
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heat per pound of flue gas. It is true that the percentage of excess air will be higher 
than what we have stated for the three fuels during combustion, and that these various 
degrees of excess air will affect the amount of flue gas liberated. The majority of 
the curves in the report were plotted with one of the variables being flow rate; hence, 
it makes no differe ~-> at what percentage of excess air the fuel is consumed. The 
performance of the ct.mney is concerned only with the quantity and the temperature 
of the gases flowing in the flue. 

We stated that the average available draft was between 70 and 80 percent of the 
theoretical draft for the average operating conditions. This so-called efficiency, as 
can be seen from Fig. 10, at the very low flow rates is not exactly 70 percent but in 
the majority of figures it is either in or above the range which we listed. 

Admittedly, the results on pickup are laboratory results and should, of course, be 
interpreted as such. We are glad to learn of additional information on pickup as 
performed by the National Bureau of Standards; they have obviously gone into this 
problem deeper than we have attempted. 

If values of draft are required at ambient temperatures lower than 60 F, they 
obviously must be corrected. A temperature of 60 F was chosen as a standard 
because most of the laboratory tests were conducted at an ambient temperature between 
60 and 70 F. These data at 60 F and at 29.92 in. Hg can be corrected to any desired 
ambient temperature by the following relation: 


O2— = — 
where 
Si = theoretical draft at 60 F and at 29.92 in. Hg. 
S2 = theoretical draft at desired temperature and barometer reading. 
O1 = observed draft at 60 F and at 29.92 in. Hg. 
O2 = observed draft at desired temperature and barometer reading. 


The theoretical draft is calculated from the theoretical draft equation, Equation 3. 

Our method of calculating the available chimney draft is admittedly an approximate 
solution to a very difficult problem and should be treated as such. Up to this time, 
there has not been formulated for this problem a clear solution that could easily be 
used by the average person interested in chimney design. The data that have been 
published have been for individual chimneys, of which there are hundreds, and the 
raw data presented in tables have often times been confusing; hence, an attempt was 
made to correlate the results in a form that would be of greater use. 

We stated that the method is only valid for chimneys with a cross-sectional area 
from 35 to 55 sq in. and from 10 to 25 ft in height. We were well aware that the 
drafts of the chimney that Mr. Achenbach mentioned did not correlate exactly with 
those of our method, but that chimney had a height of 27.6 ft; hence, one would 
expect some discrepancy. 

We wish we could give more information to Mr. Parmelee on the matter of fric- 
tion loss. It would be of interest, and no doubt clear up many hazy facts on chimney 
characteristics, if we could eliminate the recirculation effect so as to separate it from 
friction for the non-isothermal flow. Mr. Parmelee is right in that for isothermal con- 
ditions one is apt to obtain different friction values than for non-isothermal conditions, 
although an analysis from an adiabatic standpoint showed that because of the low 
velocities the flow more nearly approached an isothermal condition. We are making 
the assumption in this problem that for all practical purposes the flow is isothermal, 
and that the difference between our measured pressure loss and the calculated 
isothermal friction is entirely offset by recirculation. This, of course, will create some 
degree of error in our assumption, but we feel that it will not be of a serious order. 

The theoretical friction losses were calculated by the method that is recommended 
in Tue Guipe. To the question of whether exit and entrance losses were taken into 


‘ 
t 


262 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


consideration in the overall computation of pressure loss, the answer is that they 
were taken into consideration. 

Mr. Clarke asked how, in view of his experience with the performance of ventilators 
on shipboard, we could have obtained a positive pressure with a chimney ventilator 
under simulated wind conditions. We must conclude that we had conditions which 
may not have been encountered in his experience, as we were venting highly heated 
gases through a relatively small flue. We have not gone any further into the explana- 
tion of this and would certainly welcome any more data on a chimney and ventilator 
used in this fashion. 
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SEMI-ANNUAL MEETING, 1949 


MINNEAPOLIS, MINN. 


OUR hundred members and guests came to Minneapolis for the Semi- 
Annual Meeting of the Society, June 20-22, 1949. Ten papers were pre- 
sented and discussed at three well-attended technical sessions. 


First Sesston—Monpay, JuNE 20, 10:00 a.m. 


Pres. A. E. Stacey, Jr., Syracuse, N. Y., called the 1949 Semi-Annual Meeting 
to order at 10:00 a.m. in the Nicollet Hotel, Minneapolis. John E. Haines, 
chairman of the Committee on Arrangements, cordially welcomed the members 
and guests. 

President Stacey then called upon Secretary A. V. Hutchinson, New York, 
N. Y., who read the amendment proposed to Article B-XI—Funds, Section 7, 
of the Society’s By-Laws. 


Article B-XI—Funds 

Section 7. A Society Reserve Fund shall be created into which all admission fees 
and such other moneys as the Council may direct shall be placed until the fund totals 
a sum equal to fifteen dollars ($15.00) per member, or fifty thousand dollars ($50,000) 
whichever is smaller. This Reserve Fund is to be used only in cases of ernergency 
when current Society revenues are not sufficient to pay necessary expenses. With- 
drawals not to exceed twenty percent (20%) of the fund in any calendar year may 
be authorized by the Society at any meeting provided it has been recommended by 
the Council. Investments shall be made in accordance with Article B-XI, Section 1. 
Interest earned on the Reserve Fund shall be added to current Society income. 


To be Amended as Follows: 

Section 7. A Society Reserve Fund shall be created into which all admission fees 
and such other moneys as the Council may direct shall be placed until the fund totals 
a sum equal to fifteen dollars ($15.00) per member. This Reserve Fund is to be used 
only in cases of emergency when current Society revenues are not sufficient to pay 
necessary expenses. Withdrawals not to exceed twenty percent (20%) of the fund in 
any calendar year may be authorized by the Society at any meeting, provided it has 
been recommended by the Council. Investments shall be made in accordance with 
Article B-XI, Section 1. Interest earned on the Reserve Fund shall be added to cur- 
rent Society income. 


Adoption of the Amendment was moved by Merrill F. Blankin, Philadelphia, 
Pa., and seconded by L. E. Seeley, Durham, N. H. Dean Seeley explained that 
the purpose of the Amendment was to increase the Society Reserve Fund by 
removing the limitation of $50,000.00 which had been: established when the 
Society had less than one-half of the present membership. 

The Amendment was adopted unanimously. 

President Stacey called upon N. A. Buckley, special assistant in Mechanical 
Engineering, University of Illinois, Urbana, Ill., who presented the paper, 
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RESULTS OF OPINION SuRvEY ON A.S.H.V.E. RESEARCH PROGRAM 
WouLp LIKE 
TO SEE ARE SUGGEST 
More SATISFIED LEss ORDER OF 
EMPHASIS WITH EMPHASIS | INTEREST 
TOTAL IN FUTURE PRESENT | IN FuTURE| BASED ON 
VoTES PROGRAMS PROGRAM | PROGRAMS Cot. 2 
Air DISTRIBUTION 
Friction of fittings................ ' 890 204 517 169 31 
Performance of outlets............ 909 418 411 80 7 
852 336 427 89 16 
824 284 441 99 24 
Effect of approach conditions.. 814 190 519 105 32 
Air flow measurement............. 891 306 486 99 21 
AIR PURIFICATION 
Air cleaning in ventilation.... 911 374 475 62 il 
864 327 476 61 18 
Atmospheric pollution........ ; 865 318 469 7 19 
Air sterilization..................... 910 462 380 68 6 
Industrial and exhaust 
ventilation........................ 871 368 418 85 12 
Odors and odor control........... 893 467 361 65 5 
CoMFORT AND HEALTH 
Influence of humidity............. 926 410 446 70 9 
Influence of radiation............. 901 404 444 53 10 
Influence of air purity.............. 894 330 492 7 17 
Rapid environmental changes} 897 351 460 86 14 
Panel or radiant heating.......... 1016 542 390 84 1 
Panel or radiant cooling....... 938 522 315 101 2 
ON 956 496 318 142 3 
Heating load factors................ 896 287 527 82 22 
Cooling load factors................ 867 307 494 66 20 
Heat transmission through 
building materials................ 899 246 539 114 30 
Heat capacity of —— 
materials................. 869 286 495 88 23 
Infiltration........... si 894 341 490 63 15 
Solar radiation...... ences 907 413 436 58 8 
865 264 526 75 29 
Water vapor migration.......... 852 361 423 68 13 
Weather design conditions..... 858 283 486 89 25 
Fuels and combustion... Me 869 273 484 112 27 
Chimneys and draft... , 869 269 463 137 28 
Moisture control by sorbents..| 831 274 465 92 26 
Noise control........................... 897 470 379 48 4 
Psychrometric charts......... 837 166 543 128 33 


Determining Performance of a Blower Used with a Furnace, by Mr. Buckley 
and R. W. Roose (see Chapter 1365). Mr. Buckley gave a resumé of the paper, 
together with the significant conclusions derived. 

Air Streams from Perforated Panels, by Alfred Koestel, Philip Hermann 
and G. L. Tuve (see Chapter 1366), was presented by Mr. Koestel, instructor, 
Mechanical Engineering, Case Institute of Technology, Cleveland, Ohio, who 
illustrated his resumé of the paper by means of slides. 

Pressure Loss and Air Flow Characteristics of a Box Plenum, by S. F. 
Gilman, R. J. Martin, W. R. Hedrick, and S. Konzu (see Chapter 1367), was 
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presented by Mr. Gilman, instructor and special research assistant, University 
of Illinois, Urbana, IIl. 
The meeting adjourned at 12:00 noon. 


SEconp SEssionN—TuEspDAY, JUNE 21, 9:30 a.m. 


First Vice Pres. Lester T. Avery called the meeting to order at 9:30 a.m., 
and introduced L. N. Hunter, Johnstown, Pa., chairman of the Committee 
on Research. 

To aid in developing a research program that will be of maximum benefit to 
the membership, Mr. Hunter stated that the Committee wanted to know: 


1. To what extent the membership, old and new, understood the purpose of Society 
research and the kind of research permissible under the Constitution. 

2. What kind of research the membership really wanted. 

3. Which parts of the current program were of most interest. 

4. How the membership felt about the present methods of getting into their hands 
the information developed as a result of Society research. 


Mr. Hunter also stated that nearly 1300 replies were received, in response 
to a letter sent to the membership, and that a committee consisting of John W. 
James, vice chairman of the Committee on Research, R. C. Cross, and M. K. 
Fahnestock, analyzed the returns which were tabulated and shown in the 
accompanying table. 

First Vice President Avery introduced E. W. Guernsey, director of research, 
Consolidated Gas Electric Light & Power Co., Baltimore, Md., who presented 
the paper, Earth as a Heat Source or Storage Medium for the Heat Pump, 
by Dr. Guernsey, P. L. Betz, and N. H. Skau (see Chapter 1368). 

J. Donald Kroeker, consulting engineer, Portland, Ore., presented the paper, 
Heat Pump Results in Equitable Building, which he prepared with R. C. 
Chewning and C. E. Graham, as co-authors (see Chapter 1369) and which 
was a review of the results obtained in the operation of the heat pump installa- 
tion in the Equitable Building, Portland, Ore. 

J. V. Borry, Minneapolis, Minn., presented the paper, Ground Temperatures 
as Affected by Weather Conditions, by A. B. Algren, as Professor Algren was 
unavoidably absent because of illness (see Chapter 1370). 


Tuirp SESSION—WEDNESDAY, JUNE 22, 9:30 a.m. 


Dean L. E. Seeley, second vice president, called the third session to order 
at 9:30 a.m., and introduced E. R. Queer, professor of Engineering Research, 
The Pennsylvania State College, State College, Pa., who presented his paper, 
Permeance Measurement Improved by Special Cell, with F. A. Joy, also from 
State College, as co-author (see Chapter 1371). 

Craig L. Taylor, associate professor, Engineering Department, University of 
California, Los Angeles, Calif., presented the paper, Human Tolerance Limits 
for Extreme Heat, which he prepared with W. V. Blockley (see Chapter 1372). 

N. R. Gay, associate professor of Heat-Power Engineering, Cornell Univer- 
sity, Ithaca, N. Y., presented the paper which he*and C. O. Mackey prepared, 
Heat Gains are Not Cooling Loads (see Chapter 1373). 

The final paper, Solar Energy Transmittance of Eight-Inch Hollow Glass 
Block, by G. V. Parmelee and W. W. Aubele (see Chapter 1374), was sum- 
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marized by Mr. Parmelee, research fellow, A.S.H.V.E. Research Laboratory, 
Cleveland, Ohio. 

Dean Seeley then turned the meeting over to President Stacey, who announced 
the final registration for the meeting as follows: Members 242; ladies and 
children 120; guests 42; a total of 404. 


RESOLUTIONS 


Wuereas Tue American Sociery or Heatinc AND VENTILATING ENGINEERS has just concluded its 1949 
Semi-Annual Meeting in Minneapolis; and 

Wuereas it is fitting and proper that the membership of this Society express its appreciation to 
all of those organizations and individuals who have contributed to make this meeting an outstanding 
success in every way; and 

Wuenreas the Minnesota Chapter, through its President, Richard C. Jordan, and through its other 
officers and its members, and especially through its Committee on Arrangements headed by John E. 
Haines as General Chairman, have so well organized and executed their responsibilities as hosts; and 

Whereas this meeting has been made significant by the scientific contributions of the authors and 
discussers at the technical sessions; and 

Wuereas the Chapter ladies have so graciously and charmingly made this sojourn one long to be 
remembered by the visiting members and their families; and 

Wuenreas this entire meeting has been suffused with the glow of hospitaiity and fellowship, and 
has been invigorated by the salubrious climate of this most pleasant and genial setting, including, 
with the charm of a delightful countryside, the amenities and cultural refinements of a great metro- 
politan center; and 

Wuerras the comfort and well-being of our visiting members and their families have been greatly 
enhanced through the capable efforts of the hotel managements and staffs; and 

Wuenreas all of the visitors have enjoyed and profited by the cultural advantages of this setting: 

Now, Tuererore, Be Ir Resotveo THat THe American Society or HeatinG AND VENTILATING ENGINEERS 
hereby expresses its sincere appreciation to the Minnesota Chapter, to the authors of papers, to the 
technical committees, to the Convention Bureau of Minneapolis, to Station KSTP, to the local plants 
opened for inspection; to the newspapers and trade press for their attendance and splendid coverage 
of our sessions; and to all of the organizations and individuals enumerated; and 

Tart this resolution be spread upon the minutes of this meeting, and the secretary of the Society 
be instructed to transmit a copy thereof to the president of the Minnesota Chapter. 

Respectfully submitted, 
Reso.utions Commitres, Cart F. Kayan, Chairman 
Tuomas D. Starrorp, JoHN Hayes Carter 


President Stacey declared that the 1949 Semi-Annual Meeting was adjourned. 


HospPiTaLity KEYNOTE 


Informal pastimes and good fellowship were the entertainment highlights at 
the Semi-Annual Meeting in Minneapolis. 

The Smorgasbord dinner on Monday night was served to 344 persons present 
and was conducted in the Swedish tradition. 


BANQUET 


The Wednesday night banquet on June 22 had no scheduled speakers, although 
there was a speakers’ table, presided over by Bob DeHaven, CBS broadcaster 
in Minneapolis. He conducted a make-believe radio program with audience 
participation. 

Following the awarding of three golf trophies, the Research Cup, the Eichberg 
Memorial Cup, and the special Paul Bunyan Cup, a speaker then arrived and 
insisted on being heard. The surprise speaker was revealed as humorist Hal 
Olson, whose jokes and anecdotes provided a pleasant finale to the meeting. 


a 


PROCEEDINGS OF SEMI-ANNUAL MEETING, 1949 267 


PROGRAM SEMI-ANNUAL MEETING 
Nicollet Hotel, Minneapolis, Minn.—June 20-22, 1949 


Sunday—June 19 


10:00a.m. Committee on Research—Hennepin Room 

10:00a.m. Special Committee on Membership Grades—Parlor F 

10:30am. Executive Committee—Parlor C 
1:00p.m. REGISTRATION—Mezzanine 
1:00 p.m. Minnesota Chapter Hospitality Room—Parlor JK (open until midnight) 
1:30 p.m. Council—Parlor D 


Monday—June 20 


8:00a.m. Minnesota Chapter Hospitality Room—Parlor JK 
9:00am. REGISTRATION—Mezzanine 
10:00a.m. TECHNICAL SESSION—Grand Ballroom 
Presiding Officer—Alfred E. Stacey, Jr. 
Greetings by John E. Haines—Response by President Stacey 
Amendment to By-Laws 
Determining Performance of a Blower Used with a Furnace, by N. A. 
Buckley and R. W. Roose 
Air Streams from Perforated Panels, by Alfred Koestel, Philip Her- 
mann and G. L. Tuve 
Pressure Loss and Air Flow Characteristics of a Box Plenum, by S. F. 
Gilman, R. J. Martin, W. R. Hedrick and S. Konzo 
3 12:15p.m. Ladies Luncheon and Card Party—Minnesota Terrace Room 
12:30 p.m. Men’s Buffet Luncheon 
Golf Tournament—Research Cup and Eichberg Memorial Cup Matches, 
Minneapolis Golf Club 
1:00 p.m. Children’s Tour 
2:00 p.m. Inspection Trips 
j 2:00 p.m. TAC on Industrial Ventilation—Parlor C 
4 2:00 p.m. TAC on Sound Control—Parlor D 
. 2:00 p.m. TAC on Sensations of Comfort—Parlor E 
6:00 p.m. Social Hour, Dinner, Smorgasbord, Entertainment and Dancing 


Tuesday—June 21 


8:00a.m. Minnesota Chapter Hospitality Room—Parlor JK 
9:00am. REGISTRATION—Mezzanine 
9:30am. TECHNICAL SESSION—Grand Ballroom 
Presiding Officer—Lester T. Avery 
Report of Committee on Research by L. N. Hunter, Chairman 
Earth as a Heat Source or Storage Medium for the Heat Pump, by 
E. W. Guernsey, P. L. Betz and N. H. Skau 
Heat Pump Results in Equitable Building, by J. Donald Kroeker, 
R. C. Chewning and C. E. Graham 
Ground Temperatures as Affected by Weather Conditions, by 
A. B. Algren 


Ladies Inspection of Betty Crocker’s Kitchen 


10:00 a.m. 
11:00 a.m. § 
1:00 p.m. Golf (informal) 
1:30 p.m. Automobile Tour of the City Lakes and Lake Minnetonka 
1:30p.m. Nominating Committee—Parlor F 
1:30 p.m. Guide Publication Committee—Parlor L 
2:00p.m. TAC on Air Distribution—Parlor C 
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TAC on Panel Heating and Cooling—Dinner Meeting—Parlor F 


2:00 p.m. TAC on Heat Pump—Parlor D 

6:30 p.m. Dinner—Reservations at selected eating places 
6:30 p.m. 

7:00 p.m. TAC on Cooling Load—Parlor C 


Permeance Measurement Improved by Special Cell, by F. A. Joy and 


Human Tolerance Limits for Extreme Heat, by W. V. Blockley and 


Heat Gains Are Not Cooling Loads, by C. O. Mackey and N. R. Gay 
Solar Energy Transmittance of Eight Inch Hollow Glass Block, py 


7:00 p.m. Launch Trips—Lakes Calhoun, Isles and Cedar 
8:00 p.m. Informal Party—Junior Ballroom, East Room, and Parlor JK 
8:00 p.m. Chapter Delegates Committee—Hennepin Room 
Wednesday—June 22 
8:00a.m. Minnesota Chapter Hospitality Room—Parlor JK 
9:00am. REGISTRATION—Mezzanine 
9:30am. TECHNICAL SESSION—Grand Ballroom 
Presiding Officer—Lauren E. Seeley 

E. R. Queer 

Craig L. Taylor 

G. V. Parmelee and W. W. Aubele 
10:30a.m. Ladies and Children—Radio Station KSTP 
1:00 p.m. Children—Games and Swimming—Lake Nokomis 
1:00 p.m. Golf (Informal) 
2:00 p.m. Inspection Trips 
2:00p.m. TAC Sub Committees on Cooling Load and Heat Flow Through Glass 
3:00 p.m. Ladies Style Show and Tea—Dayton’s Sky Room 
5:00 p.m. Social Hour—East Room 
7:00p.m. BANQUET—Grand Ballroom 


Entertainment and Dancing 


Bob DeHaven, radio comedian, master of ceremonies 
Presentation of Research and Eichberg Golf Trophies 


COMMITTEE ON ARRANGEMENTS 


J. E. Haines, General Chairman 


L. C. Gross, Vice Chairman 


Banquet—D. B. Anderson, Chairman; 
R. E. Backstrom, G. S. Bean, J. A. Craig, 
J. C. Davidson, William McNamara, 
C. P. Petersen, William Sturm. 


Entertainment—J. S. Locke, Chairman; 
M. R. Eastin, S. L. Furber, Mrs. J. E. 
Haines, N. B. Herman, H. K. Knoblauch, 
L. J. Krause, J. A. Nicols. 


Finance—C. T. Lawrence, Chairman; 
C. L. Bensen, Guy M. Brown, C. O. Carl- 
son, D. M. Forfar, H. K. Knoblauch, 
H. P. Roberts, F. H. Schernbeck. 


Ladies—H. K. Johnson, Chairman; 
A. L. Cherne, Mrs. H. E. Gerrish, Mrs. 
H. K. Johnson, Mrs. J. S. Locke, Mr. and 


F. B. Rowtey, Honorary Chairman 


Mrs. A. W. Schultz, H. G. Sierk, H. D. 
Woolman. 


Publicity—H. C. Mills, Chairman; 
J. R. Bergan, R. T. Haley, H. B. 
Williams. 


Reception—A. B. Algren, Chairman; 
R. E. Backstrom, M. H. Bjerken, M. R. 
Eastin, H. E. Gerrish, W. H. Kliever, 
F. F. Lange, J. F. Stafford, W. F. Uhl, 
M. S. Wunderlich, R. T. Squier. 


Sports—B. F. McLouth, Chairman; 
E. F. Bell, J. A. Craig, R. T. Haley, 
V. E. Nelson. 


Transportation—G. M. Kendrick, Chair- 
man; R. D. Albyn, J. K. Gerrish, J. G. 
Hamm, H. D. Woolman. 
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No. 1365 


DETERMINING PERFORMANCE OF A BLOWER 
USED WITH A FURNACE? 


By N. A. Buckiey* anp R. W. Roose,** UrsBana, ILL. 


N A TYPICAL forced-warm-air heating system, air is drawn through the re- 
turn-air ducts and into the furnace through air filters, and is then forced 
over the heat exchanger surfaces and through the warm air duct system into 
the space to be heated as shown in Fig. 1. The force required to move the air 
through this system of ducts and restricted passages is developed by a furnace 
blower installed inside the casing of the furnace, or in a blower cabinet in 
close proximity to the furnace. 

The resistances placed on the blower by the duct system, external to the 
blower-furnace combination, are usually predetermined at some arbitrary value 
by the designer of the duct system. However, the internal resistances of the 
furnace and blower cabinet can not be predetermined or calculated in advance 
and must be evaluated by actual tests. 

Object and Scope of Investigation. The object of this investigation was to 
specify a test arrangement and method which would enable blower and furnace 
manufacturers to determine the performance characteristics of a blower{ when 
used in conjunction with a forced-air furnace. 

Methods of Determining the Performance of a Furnace Blower. At the time 
that this project was originated no convenient test method had been formulated 
to determine the performance of a blower when used in conjunction with a 
furnace. However, several methods are available for obtaining the performance 
of a furnace blower alone. Among these, the two most commonly used and 
accepted are the methods designated as Plates I and V by the National Associa- 


t This investigation is a part of the cooperative project jointly sponsored by the Engineering 
Experiment Station of the University of Illinois and the National Warm Air Heating and Air 
Conditioning Association. 

* Research Assistant in Mechanical Engineering, University of Illinois. Junior Member of A.S.H.V.E. 
an: ae Associate in Mechanical Engineering, University of Illinois. Junior Member of 

t The term blower as used herein refers to a centrifugal fan. The warm- air heating industry uses 
the term blower to distinguish centrifugal fans, such as are now used in forced air systems, from 
propeller fans which were originally used. 

Presented at the Semi-Annual Meeting of THe American Society or HeatING AND VENTILATING 
Enorneers, Minneapolis, Minn., June, 
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AIR DUCT SYSTEM 


FILTER —_ 

4 | FURNACE 
FURNACE 
BLOWER 


Fic. 1. SCHEMATIC DIAGRAM OF A 
FORCED AIR HEATING SYSTEM 


tion of Fan Manufacturers as shown in Fig. 2, hereafter abbreviated to N.A.F.M. 
Plates I and V methods. 

The N.A.F.M. recommends that the Plate V method be used in testing and 
rating furnace blowers, but because of the extensive space and equipment neces- 
sary for using the Plate V method, few manufacturers have adopted it. At the 
present time, furnace blowers are usually tested and rated by the Plate I method. 
It is recOgnized that the performance of a furnace blower as obtained by the 
Plate I method may deviate somewhat from that obtained by the Plate V 
method, and furthermore, may not be truly representative of the performance 
of a blower used with a furnace. 

The performance obtained by the Plate I method is dependent to some extent 
upon the area of the blower discharge and the conversion of velocity pressure 
to static pressure in the test duct, whereas in an actual installation, a con- 
siderable portion of the velocity pressure may_ not be regained. 


1 Exponent numerals refer to References. 
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Blowers—Single or Double Inlet Blowers and Exhausters without Duct 
Duct: Total pressure, pt, by impact tube— 
Velocity pressure, py; Differential reading between Supply Duct: Velocity pressure, py; Differential 
impact tube and static tube. reading between impact tube and static tube. 
Fan Outiet: Py; Correct py to Py, the velocity Chamber: » by impact tube. 
pressure corresponding to fan outlet area, A—Pt; ; 
Add to pt the calculated duct friction and straight- Fan Outlet: Py; Correct py to Py, the velocity 
ener loss—Ps,; Subtract Py from P¢—Correct all pressure corresponding to fan outlet area, A—Pt; 
pressures to standard air conditions. All additions Add p to Py—Ps; Subtract Py from P,—Correct 
and subtractions mentioned above are arithmetical. all pressures to standard air conditions. All addi- 
No inlet pressure readings are to be taken and no tions and subtractions mentioned above are arith- 
alteration of designed inlet is to be made. metical. Refer to Plate XII for chamber proportions. 
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However, since the Plate I method is predominantly used at the present time 
in rating furnace blowers, it was used in the tests reported in this paper to 
illustrate the procedure for determining the pressure drop through the blower- 
furnace combination. The procedure given is applicable to either the Plate I or 
the Plate V method, and any later adoption of the Plate V method by the 
furnace blower industry will not invalidate the conclusions of the paper. 

The performance of the blower, regardless of the method used to obtain it, 
can be represented by a curve in which the air quantity in cubic feet per minute 
is plotted against static pressure. For any given speed, the blower will deliver 
an amount of air dependent upon the resistance opposed to flow. 
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Fic. 3. SCHEMATIC DIAGRAM OF THE HI-BOY FURNACE 
TEST ARRANGEMENT 


Variables Involved in Determining the Performance of a Blower-Furnace 
Combination. The combination of a blower and furnace can be considered as an 
equivalent blower unit. As in the case of an isolated blower the performance of 
the combination can be represented, for a particular blower speed, by plotting 
the algebraic difference between inlet and discharge pressure obtained by 
piezometer connection against air quantity flowing. .This blower speed corre- 
sponds to that required to obtain the performance recommended ?-? by the 
National Warm Air Heating and Air Conditioning Association in Manuals 6 
and 7. 

These operating conditions can be summarized as follows: with rated fuel 
input to the furnace, the combination must be able to provide a static pressure 
of 0.20 in. of water externai to the unit and maintain a temperature rise of 100 
deg through the unit from inlet to discharge. When the combination is operated 
with these limiting conditions, a specific blower speed can be established. The 
performance of the combination for this given blower speed can be determined by 
varying the static pressure external to the unit and finding the corresponding 
quantity of air. 
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DESCRIPTION OF TEST APPARATUS 


Hi-Boy* Furnace Test Arrangement. The test arrangement for the hi-boy 
furnace consisted of an orifice box, a trunk duct, the furnace, and a furnace 
plenum together with stub duct. A schematic diagram of the test arrangement 
is shown in Fig. 3. The orifice box, 5 ft wide by 5 ft deep by 4 ft high, was 
provided with: an auxiliary blower and a %4 hp driving motor inside the box; 
four orifices, 5, 7, 8, and 11 in. in diameter on top; and a piezometer connec- 
tion at the center of the top plate. 

The trunk duct attached to the orifice box at the auxiliary blower discharge 
was 24 in. X 30 in. and contained a slide damper, a perforated plate, and egg- 
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Fic. 4. SCHEMATIC DIAGRAM OF THE LO-BOY FURNACE TEST ARRANGEMENT 


crate straighteners. A piezometer ring was installed at the measuring station 
for determining the static pressure in the trunk duct. 

A plenum 6 ft high was installed at the furnace discharge’ and was covered 
with two layers of 14 in. corrugated asbestus insulation, to minimize heat loss 
from the plenum between the furnace discharge and the temperature measur- 
ing station. 

Lo-Boy° Furnace Test Arrangement. The test arrangement for the lo-boy 
furnace consisting of the orifice box, trunk duct, the lo-boy furnace, the furnace 
plenum, and stub duct is shown schematically in Fig. 4. 

The trunk duct in this arrangement formed an arch to allow entry of the air 
at the top of the fan compartment. The plenum height was the same as that 
shown in Fig. 3 but the areas of the plenum and the stub duct were larger to 
correspond with greater furnace capacity. 


4 Designation of a furnace unit having a blower located below the heating element. 
° Designation of furnace with blower located at side of heating element. 
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Instrumentation. The differential pressures of the orifice box, the static pres- 
sures in the trunk duct, and the static pressures in the plenum were measured 
by means of inclined draft gages. Two gages with scale markings from 0 to 0.5 
in. of water and two gages with scale markings from 0 to 1.0 in. of water were 
used. These draft gages were each calibrated with a sensitive micromanometer 
and correction curves were established. The speed of the furnace blower was 
observed by means of a speed indicator, reading directly in revolutions per 
minute. 

Thermocouples located at the inlet and discharge of the furnace were used 
to measure air temperatures. Wet and dry bulb temperatures of the inlet air 
were obtained by means of a sling psychrometer. A gas meter and stop watch 
were used to determine the actual gas input volume delivered to the furnace, 
in cubic feet per hour. At the inlet to the gas meter gas temperature was read 
with a thermometer and gas pressure was measured by a vertical draft gage. 
Barometric pressures, used for correcting data to standard conditions, were - 
obtained by means of a mercury barometer. 


DESCRIPTION OF EQUIPMENT TESTED 


The Hi-Boy Furnace. The hi-boy furnace was tested with three different 
blowers, referred to as Blowers A, B, and C. The rated capacity of the furnace 
was 58,000 Btu per hour output with an input of 72,500 Btu per hour. The 
fuel used was natural gas which was burned in a single port, blue flame tubular 
burner. As is conventional for hi-boy units, the blower was mounted below the 
heat exchanger, and the air was discharged upward against the bottom of 
the fire box. 

The heat exchanger was of welded steel construction with four tubes slant- 
ing diagonally through it from the center of the front and discharging at the 
top near the rear of the furnace. The clearances between the radiation jacket 
and heat exchanger were approximately 1 in. At the discharge of the furnace, 
the radiation jacket was bent inward to cause the air to pass over a greater 
amount of heat exchanger surface and to place resistance to the flow of air 
‘around the heat exchanger, thereby causing more air to pass through the four 
heat exchanger tubes. 

Two return-air inlets were located on opposite sides at the base of the furnace. 
One or both inlets could be used in operating the unit although for the present 
tests only one inlet was used. The filter was installed in the return-air inlet. 

Blowers A, B, and C. The three 9-in. blowers tested with the hi-boy furnace 
were centrifugal upward discharge blowers having forward curved blades. 
Blowers A and B were the blowers normally installed in the furnace when 
sold commercially. Blower C, although of the same general type, was specially 
built for this investigation. 

The Lo-Boy Furnace and Blower D. The rated capacity of the lo-boy furnace 
was 132,000 Btu per hour output with an input of 165,000 Btu per hour. The 
fuel used was natural gas which was burned in a ribbon-type burner. 

A blower of the bottom horizontal discharge arrangement was installed in 
a cabinet integral to the furnace. The blower discharged into a chamber below 
the heat exchanger, and against the back of the fire box. The air then passed 
through the flat-tube heat exchanger and out through the top of the furnace. 
Filters of the throwaway type were located above the blower, and the return- 
air inlet was above the filters. 
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DEVELOPMENT OF PROCEDURE 


Effect of Placement of External Resistance and Temperature Rise on Per- 
formance. A large number of preliminary tests were conducted to determine 
the effect on performance of changes in the adjustment of various parts of the 
test arrangement. Four series of tests were conducted to determine the effect 
of separately applying the external resistance on the inlet and discharge sides 
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Fic. 5. PERFORMANCE SHOWING EFFECT OF PLACEMENT OF RESISTANCE AND 
ADDITION OF HEAT 


of the combination, and running tests with the furnace both hot and cold. These 
preliminary tests consisted of the following series: 
1. With no heat input and with external static resistance applied at the furnace inlet. 


2. With no heat input and with external static resistance applied at the furnace 
discharge. 


3. With rated heat input and with external static resistance applied at the furnace 
inlet. 


4. With rated heat input and with external static resistance applied at the furnace 
discharge. 


The hi-boy furnace was tested in combination with Blower A and the data 
were plotted as shown in Fig. 5. These tests were conducted both with the 
filters installed in the unit and with the filters removed. 

On May 20, 1947, two series of tests were conducted, one with resistance 
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on the inlet and the other with resistance on the discharge. The points repre- 
senting these two series of tests could be plotted on a single curve as shown 
by Curve IV in Fig. 5. Apparently, the placement of resistance on both the 
inlet and discharge of the blower-furnace combination gave the same performance. 

On August 18, 1947, two series of tests were conducted under similar condi- 
tions and these data are represented by Curve V in Fig. 5. Again, the place- 
ment of resistance at both the inlet and discharge gave the same performance; 
however, in this case the performance curves were lower than those for the 
tests conducted three months earlier. This difference was attributed to the 
filling of the filter with dust and lint, resulting in an increase in pressure drop 
through the filter. 
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Fic. 6. PRESSURE DROP CURVES SHOWING EFFECT OF ADDI- 
TION OF HEAT 


Steel plates provided with a large number of 34 in. holes were therefore 
substituted for filters. This arrangement eliminated any change in pressure drop 
such as would be caused by accumulation of dirt in a filter. 

The effect of adding heat to the unit is shown by the two performance Curves 
II and III in Fig. 5 which were established with the filters removed and with 
rated fuel input to the furnace. The addition of heat to the unit resulted in 
a decrease of static pressure available external to the unit for the same blower 
speed and quantity of air handled. This decrease in performance is illustrated 
by the difference between the pressure drop curves in Fig. 6. Assuming the 
Plate I performance to be a true indication of the performance of a furnace 
blower when operated separately, the difference between the Plate I performance 
curve and that for the blower-furnace combination can be. considered as the 
pressure drop through the blower-furnace combination. Pressure drop Curve 
(1-II) of Fig. 6 was higher than Curve (I-III) which indicates that the pres- 
sure drop through the blower-furnace combination was increased slightly when 
heat was added. 

These results were predicted by S. H. Downs?‘ who stated that in a system 
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so arranged that heat is added or subtracted, heat change is coincidental with 
the resistance, or 


Tm 
r= K,° 
1 7; 
where 
T: — T; 
Tin 2 1 
loge 
e 7; 
or 
r = K,° Vz (approx.) 
Ti 
where 
r = system static resistance, inches of water 
K, = a constant 
K2 = a constant 
T, = temperature entering the system, degree Rankine 
Tz, = temperature leaving the system, degree Rankine 
Tm = log mean temperature, degree Rankine 


It was also stated by Downs in another paper®, that a determination of resist- 
ance as affected by temperature changes can be made by the proportionalities : 


Ru _ Tm 
Re Ti 
or 
Ru {2 
Re (approx.) 
where 


Re = static resistance of system when no heat is added, inches of water 
Ru = static resistance of system when heat is added, inches of water 


Calculations of the temperature ratios z= and y" were made at the four 
1 1 


points indicated in Figs. 5 and 6 as A, B, C, and D, and the results were tabu- 
lated in columns 10 and 11 of Table 1. These calculated values were within 1 


TaBLeE 1. RELATIONSHIP BETWEEN ABSOLUTE TEMPERATURE AND PRESSURE 
Drop THROUGH A FURNACE 


(1) (2) (3) | (4) (5) (6) (7) (8) (9) | Go | (ay 
Conpitions cfm T: |Tr-Ti| Tm | Ry | Re 


910 | 549.5 | 607.6 | 58.1) 581 | 0.378 | 0.359 | 1.053 | 1.057 | 1.053 
750 | 548.5 | 616.0) 67.5 | 587 | 0.262 | 0.246 | 1.064 | 1.069| 1.063 

547.5 | 625.4| 77.9} 589 | 0.183 | 0.171 | 1.070} 1.075} 1.070 
475 | 546.1 | 648.1 | 101.4} 596 | 0.093 | 0.081 | 1.082 | 1.089} 1.081 
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percent of the ratio a obtained from test data, which is within the accuracy of 


Cc 
the instruments used. 


The excellent agreement between the actual resistance ratio and calculated 
temperature ratios indicated that, at least for the given furnace, the procedure 
for determining the resistance of a furnace when heat is added could be simpli- 
fied. Some question arose as to the temperatures that should be assumed for 
the correction ratio. In this connection it should be recognized that the range 
of possible temperature rises through a furnace is limited to a maximum range 
of 70 to 100 F. Hence, as shown in Column 10 of Table 1, for test points 
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C and D which have temperature rise values of 77.9 and 101.4 respectively, 
the correction ratio of T,,/7, is limited to ratios between about 1.07 and 1.09. 
For practical purposes, therefore, an average value of 1.08 for this temperature 
correction ratio was selected and used in subsequent corrections. 

Comparison of Performance of Blowers A, B, and C Operated in Combina- 
tion With the Hi-Boy Furnace. Three blowers were tested in combination with 
the hi-boy furnace. First, performance curves were established by determining 
a definite blower speed. This was accomplished by operating the furnace with 
a 100 deg temperature rise at rated fuel input and with 0.20 in. of water static 
resistance applied externally to the blower-furnace combination. The unit was 
then operated with no heat input. By varying the static resistance external to 
the combination, a performance curve for the combination was established. 
Finally, the blower was removed from the furnace and an N.A.F.M. Plate I per- 
formance curve was determined. All data were corrected to standard condi- 
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tions and to the speed (rpm) determined at rated conditions. These data are 
shown in Fig. 7. 

Comparison of data from the tests with the three blowers indicated that rated 
operation occurred at the same point for all three blower-furnace combinations. 
The performances of the blowers when used in combination with the furnace 
were approximately the same over the range of air quantities obtained for a 
70 to 100 deg temperature rise. 

Although the performances of the furnace-blower combinations were approxi- 
mately the same, the Plate I performance curves for these blowers were quite 
different. The pressure drop through the furnace, obtained by the difference 
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between the Plate I performance curve and the corresponding performance curve 
of the blower-furnace combination, was also plotted (Fig. 8). 

The difference in pressure drop curves for the three blowers cannot be 
attributed to any change in the system. Therefore, it may be concluded that 
blowers of the same type and nominal size, but produced by different manu- 
facturers, do not necessarily perform identically when installed in the same 
furnace. In another series of tests conducted with a lo-boy furnace, curves 
similar to those shown in Fig. 8 were obtained. 


CoNCLUSIONS 


1. A test arrangement and method have been developed, which provide for rapid 
determination of the performance of a blower-furnace combination, and which give 
an accuracy well within the requirements of industrial applications. 
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2. The internal resistance of a furnace cannot be calculated. Therefore, the 
N.A.F.M. Plate I or Plate V performance of a blower cannot be reduced by the 
amount of internal resistance of a furnace in order to determine the performance of 
a blower-furnace combination. 

3. Blowers of the same type and nominal size, but produced by different manu- 
facturers, do not necessarily perform identically when operated with the same 
furnace. 

4. It is advisable to use a substitute for the furnace filters when conducting furnace 
performance tests. A set of filter substitute plates have been developed for this 
purpose. 

5. Variable resistances can be applied on either the inlet or the discharge of the 
furnace without changing the performance characteristics of the furnace-blower 
combination. 

6. Increase of resistance due to heating of the air by the furnace can be calculated. 
Over the narrow range of temperature rises encountered in furnace testing the 
pressure drop through a blower-furnace combination will be 8 percent greater when 
operated with heat input than when operated with no heat added. Pressure drop with 
heat added = (Pressure drop with no heat added) X 1.08. Therefore, except for 
establishing rated operating conditions, conducting tests with heat added is not 
considered essential. 


RECOMMENDED PROCEDURE 


Establishing the Rated Point of Operation. Based upon the experience gained 
in conducting the tests on both the hi-boy and lo-boy blower-furnace combina- 
tions, a general procedure has been developed. The blower-furnace combina- 
tion to be tested is installed in the arrangement shown in either Fig. 3 or 4, 
depending on the type of furnace to be tested. Since the method is the same for 
both arrangements, the procedure will be outlined for the hi-boy arrangement 
alone. The seven measuring stations designated in Fig. 9 will be referred to 
by number in the steps outlining the procedure. The rated point of operation 
is determined by varying the blower speed until a 100 deg temperature rise is 
obtained with rated fuel input and a static resistance of 0.20 in. of water applied 
externally to the unit. The procedure for establishing the rated point of opera- 
tion may be outlined as follows: 


1. Supply the rated fuel input to the furnace as designated by 1 in Fig. 9. 

2. Start both the auxiliary blower in the orifice box and the blower under test. 
Apply an external static resistance of 0.20 in. of water to the blower-furnace com- 
bination by varying the closure of the trunk slide damper. The algebraic difference in 
static pressures as measured at stations 2 and 3 gives the external static resistance. 

3. Determine the temperature rise through the unit by the difference in tempera- 
tures at 4 and 5. 

lf the temperature rise through the furnace exceeds 100 deg, an insufficient 
quantity of air is being delivered through the furnace. In order to increase the 
quantity of air flowing, and thus decrease the temperature rise when 0.20 in. of 
water static resistance is being applied externally to the combination, the speed 
of the blower should be increased and steps 2 and 3 should be repeated. However, if 
the temperature rise through the furnace is too small, the quantity of air being 
delivered through the furnace is too great. In order to decrease the quantity of 
air delivered through the furnace, the speed of the blower is decreased; steps 2 and 
3 are then repeated to determine the new temperature rise. When a 100 deg 
temperature rise has been attained, the rated point of operation and rated blower 
speed have been established, and steps 4 and 5 can then be carried out. 
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4. Obtain the quantity of air being delivered to the furnace, for rated operation, 
from the orifice differential at 6. 

5. Obtain the blower speed for rated operation of the blower-furnace combination 
at 7. 

After correcting the data obtained in steps 1 through 5 to standard conditions, 
the rated point of operation can be plotted as shown by point B in Fig. 10a. 

Establishing the Performance Curve. Once the sated point of operation has 
been established, the ratio between the pulley speeds on the blower and on the 
blower motor should be held constant, but the fuel supply to the furnace should 
be shut off. No heat should be added to the furnace for any of the remaining tests. 

A performance curve for the blower-furnace combination under test should 
be determined in the following sequence: 

1, Adjust the trunk slide damper to the closed position, thus applying the maximum 
amount of resistance externally to the blower-furnace combination. 
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Fic. 9. SCHEMATIC DIAGRAM OF TEST 
ARRANGEMENT 


2. Start the blower which is being tested with the furnace, but not the auxiliary 
blower in the orifice box. With these operating conditions the following data can be 
obtained : 


a. The quantity of air being delivered to the furnace by means of the orifice dif- 
ferential at 6. 

b. The static resistance applied externally to the blower-furnace combination, by 
the algebraic difference in static pressure at 2 and 3, and 

c. The speed at which the blower is operating at 7. 


3. Change the closure of the trunk slide damper and repeat step 2, obtaining the 
quantity of air flowing, static resistances external to the unit, and the blower speed. 

4. Having obtained the full range of values available for only the furnace blower 
in operation, start the auxiliary blower in the orifice box and obtain the full range 
of values available with both the furnace blower and auxiliary blower operating 
as outlined in steps 1 through 3. 

5. Correct the data obtained in steps 1 through 4 to standard conditions for air 
and the blower speed established for rated operation. The data when plotted will be 
similar to the typical performance curve shown on Curve C in Fig. 10a. 

Pressure Drop through the Unit. The drop in static pressure occurring as 
the air passes througii the blower-furnace combination is determined by the 
difference between the performance of the blower installed in the furnace, and 
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the performance of the blower when operated separately. The method of pro- 
cedure for obtaining the performance of a blower installed in a furnace is out- 
lined in the previous section of this paper, and a representative plot is shown 
as Curve C in Fig. 10a. A representative Plate I performance curve is shown 
as Curve A in Fig. 10a. The difference between the performance of the blower 
installed in a furnace (Curve C) and the performance of the blower operated 
separately (Curve A) is shown as Curve D of Fig. 108. 
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DISCUSSION 


Pavut R. AcHENBACH, Washington, D.C. (Written): The authors of this paper 
are to be congratulated for their investigation of a blower applied to a furnace and 
duct system. Information of this kind has been lacking and there has been misapplica- 
tion of blowers to furnaces in some cases. The point is not clear that Curves II, III, 
1V, and V in Figs. 5 and 7 showed the relationship between the air delivery of 
the blower and the static pressure loss of the duct system external to the furnace. 
Since the whole substance of the paper is related to the effect of the static pressure 
loss inside the furnace on the performance of the blower, Figs. 5 and 7 should be 
labelled in some way to indicate that the curves refer to external static pressure. 


D. M. Mitts, Houston, Tex.: I would like to ask for further comment on the 
relation between actual fan capacities when installed in the furnace, as compared 
with manufacturers’ published ratings. 


AvutHor’s CLosurE: The complete report of this investigation has been published as 
Engineering Experiment Station Bulletin 390 entitled “Proposed Arrangement and 
Method for Determining Pressure Characteristics of a Blower Used with a Furnace” 
by N. A. Buckley, S. Konzo, and R. W. Roose, by the University of Illinois in June 
1950. The questions raised by Mr. Achenbach are covered in detail in this bulletin. 

In answer to the comment of Mr. Mills, it may be stated that the objectives of this 
investigation did not include the comparison of the actual capacities of the blowers 
determined in this investigation with the published ratings of the blowers by the 
manufacturers, so this comparison was not made. 
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AIR STREAMS FROM PERFORATED PANELS 


By KoesteL*, HERMANN**, AND G. L. Tuvef, 
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This paper is the result of research sponsored by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS in co- 
operation with the Case Institute of Technology. 


— a stream of air is discharged from an outlet into still-air space, the 
velocity of an air particle in the primary jet may be decreased in three 
ways: (a) by dynamic or inertia forces; (b) by frictional or viscous forces; and 
(c) by buoyant or gravity forces. If the pressure is constant throughout the 
stream, the density of the air will vary only with temperature, and hence in an 
isothermal stream the buoyant forces are eliminated. The Reynolds number 
affords an index of the relative magnitudes of the two remaining forces, 1.e., 
the dynamic and the frictional forces. 

Extensive data on air flow from many types and sizes of outlets have been 
presented in the previous reports in this series!-?:3, These experimental results 
were successfully correlated on the basis of the theory of conservation of momen- 
tum, since the tests represented relatively high outlet velocities and Reynolds 
numbers. 

Air streams discharged from perforated panels of the types sketched in Fig. 1 
have been found to behave in a manner similar to the streams from free-open 
. outlets and from grilles, but lower velocities are usually involved. In fact, 
the perforated panel is an excellent device for producing a large-diameter 
stream that has a uniform velocity across its entire area. The tiny jets diffuse 
quickly, (Fig. 2), with a resulting uniform, low velocity equal to Q/A fpm, 
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where Q is the volume in cubic feet per minute discharged through the panel 
and A is its gross area in square feet. 

As the primary air stream progresses away from a discharge outlet, it passes 
through three zones or phases. These three zones have been investigated and 
described by McElroy*, and the phenomena were confirmed in the present 
tests: First zone, near the outlet panel, the velocity in the center of the stream 
remains practically constant, and entrainment or mixing takes place only around 


OOO 


METAL PANEL - 40% FA METAL PANEL WO.2 - 63 
val + THICKNESS 040° 2' at + THICKNESS» 


METAL PANEL NOS TRANSITE WOT-2 ISO%FA 
a0 THICKNESS+ 22.5" 23.5" THICKNESS « 


Fic. 1. TyYPpicAL PERFORATED PANELS 
TESTED 


the stream perimeter; Second sone, at a greater distance from the outlet, the 
maximum or centerline velocity decreases approximately as the square root of 
the distance. This zone is comparatively short. Third zone, the maximum 
residual velocity varies inversely as the distance X from the outlet, 1e., 
V,/V,=C/X. This is the common equation for the throw of an air stream, 
as given in the HEATING, VENTILATING, A1R CONDITIONING GuIpE*. By the 
time the third zone is reached, the stream has become very nearly circular, 
irrespective of the shape of the outlet. 

As the residual velocity and, hence, the Reynolds number of the stream in 
this third zone decreases, a point is finally reached at which viscous forces 
become important. As shown in Fig. 3, the actual velocities then fall below 
those indicated by the straight-line relationship. Previous reports in this 
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series!-3 have dealt chiefly with the character of air streams in the third zone, 
at velocities above that at which the viscous forces become significant. 

In tests of nozzles and grilles, most of the measurements are made at a con- 
siderable distance from the panel, because this is the important part of the 


Fic. 2. SKETCH OF DISCHARGE AIR 
STREAM LEAVING PERFORATED PANEL 


stream as far as air mixing, drafts and temperature gradients are concerned. 
But with perforated panels, which have a larger gross area, the zones close to 
the panel face are longer and become more important, hence for the panels in 
Fig. 1 all three of the characteristic zones have been ee and the results 
are reported herewith. 


THEORY AND ANALYSIS 


Fig. 2 is a diagrammatic sketch showing the various air jets issuing from 
the perforations in a panel, and diffusing or flowing together near the panel 
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TABLE 1. DESCRIPTION OF PANELS TESTED 


Puncewr A 
Sq Fr Free AREA ness In. In. In. Dascmancs 
1 1 40.5 Metal 0.040 12x 12 0.25 0.83 
2 2 6.30 Metal 0.039 24x 12 0.089 0.75 
2A 1 6.30 Metal 0.039 12x 12 0.089 0.75 
4 2 6.22 Metal 0.039 24x 12 0.125 0.62 
5 2 3.14 Metal 0.039 24x 12 0.089 0.710 
T-2 3.67 13.0 Fiberboard 0.25 22.5 x 23.5 0.203 0.75 
(transite) 
T-3 14.65 13.10 Fiberboard 0.25 46 x 45.875 0.203 0.78 
(transite) 
T-4 8.96 12.4 Fiberboard 0.25 36% x 353% | +=0.197 0.79 
(transite) 


Test Conditions: For Panel Nos. 1, T-2, T-3 and T-4, the air stream was projected horizontally into 
open space. For Panel Nos. 2, 2A, 4, and 5, the air stream was projected downward into an enclosed 
space. All panels were tested under isothermal conditions. 


face to form one homogeneous stream. This stream will eventually become 

circular, although if the panel is rectangular, a distance of several equivalent 

diameters may be traversed by the stream before it assumes the circular shape. 

In the following analysis, it is assumed that the diffusion of individual jets takes 

place into a stream area determined by the area of the panel. This assumption 

was supported by tests on several sizes and shapes of panels. (See Table 1). 
The symbols to be used (see Fig. 3) are as follows: 


X = distance from panel face to Vx. 


Vx = maximum residual velocity of the discharge air stream at distance X 
from the panel. 


Vo = maximum outlet velocity at the jet contraction of the perforations. 
(PA) = gross panel area of the perforated panel. 


a = angle of expansion of the discharge air stream, assumed to be constant 
for all panels. 


d = equivalent diameter of the panel, d = yt 

K, = ratio of the average velocity of the discharge air stream at distance X 
V average 

Vx 
%(FA) = percentage of free area or ratio of the total area of the perforations to the 

gross panel area. Note: Used as a decimal in the calculations. 
Ca = coefficient of discharge for the perforated panel. 
y = 2X tana. 
Ax = circular area of the discharge air stream at distance X. 


= Ax 


to the maximum velocity Vx. Ki = 
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Writing the momentum equation in the form, Q, V,=Q, V, for a perfo- 
rated panel, the following analysis may be set forth: 


Vo[ Vo X Ca X % (FA) x (PA) | = Ki Va [x ve @ 


Vo? Ca % (FA) (PA) = Ki? Vx? + 9)? 
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Fic. 3. MAXIMUM RESIDUAL VELOCITY AT A FIXED 
DISTANCE FROM PANEL, AS DETERMINED BY HEATED 
THERMOMETER ANEMOMETER 


Vo V Ca % (FA) VPA) = Ki Vx +9) 
Substituting for y and d, 
Vo V Ca % (FA) (PA) = Ki Vx + 2X tan «) 


Vv (PA) 


1 _ 1 
=—¥ (1) 
+2tan 


Vo V Ca % (FA) = Ki Ve (1+200ne dF x ) 
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Fic. 4. VARIATION OF CENTER-LINE VELOCITY V, WITH DISTANCE; 
(AIR STREAM PROJECTED DOWNWARD FROM AN 8-FT CEILING WITH 
VELOCITY AT PERFORATIONS) 


For the stream at a distance X from a given panel ;* 
Vx _ aconstant 
Vo x 
Two dimensionless parameters are obtained from this derivation, viz. 


X/\ panel area (PA) and 1/\/C, percent free area (FA), (see Equation 1), 
and these may then be used in correlating test data. This form of equation 
corresponds to Equation 25 presented by Rydberg and Norbiick®. 


* Heatinc, Venticatine, Air Guipe, 1949, Chapter 40—Air Distribution, p. 783. 
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Fic. 6. VARIATION OF CENTER-LINE VELOCITY ’,, WITH DISTANCE, FOR 
VARIOUS PANEL AREAS 


A correlation of the test data on eight panels, based on Equation 1, is given 
herewith. The dimensions of the test panels are identified in Table 1. Stream 
velocities below 200 fpm are plotted separately, (Fig. 8), to indicate the magni- 
tude of the viscous effects. 

Since the two parameters of Equation 1 are constant for any given panel, it 
would be expected that a smooth curve should be obtained when the maximum 
residual velocity at a given cross-section is plotted against the distance from 
the panel face. This is confirmed by the curves of Figs. 4, 5, and 6. 


DATA AND RESULTS 


A comparison of stream performance data from four perforated metal panels 
is presented in Fig. 4. Here the maximum residual velocity is plotted non- 
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Fic. 7. COMPLETE RESULTS OF TESTS ON 8 PERFORATED PANELS, CORRELATED BY 
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dimensionally against the distance from the panel face. The stream from the 
small, 1 sq ft panel (No. 2A) clearly attains the third phase or third zone in 
which the velocity decreases in direct proportion to the distance. The streams 
from the other panels which have an area of 2 sq ft, have barely completed the 
second or transition phase. In these tests the total throw distance was limited 
by the low ceiling height. The increased diffusion obtained by using a panel 
with a low percentage of free area is shown by the curve for Panel No. 5. 

When the perforations occupy a large percentage of the gross panel area, the 
velocity in the first zone near the panel face remains high, as shown for a panel 
of 40 percent free area in Fig. 5. Since these test results were obtained by 
blowing horizontally into free-open space, the nature of the stream was not 
limited by floor-to-ceiling distance. 
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Fic. 8. EFFECT OF VISCOUS FORCES AT LOW VELOCI- 
TIES (DOTTED LINE FROM Fic. 7. VELOCITIES BE- 
TWEEN 40 200 


The effect of panel area is indicated by the direct comparisons of Fig. 6. 
These results were obtained with three transite panels of about 13 percent free 
area each, but with gross areas in the ratio of 1:2.5:4. The streams from the 
larger panels are projected a greater distance because of the greater length 
of each of the three stream zones or phases. 

The correlation of test results for all eight perforated panels is shown in 
Fig. 7. Here the results are made directly comparable by expressing the dis- 


tance from the panel face in effective diameters, X/\/ (PA), and by multiply- 


ing the velocity ratio V,/V’, by the diffusion parameter ——_————— (see 
V (FA) 
Equation 1). 

The panel thickness has a marked effect on the diffusion near the panel face, 
as shown by the lower curve for the relatively thick transite panels. This 
increase in diffusion explains the position of the horizontal part of the curves 
in Fig. 6, when these are compared with the curves of Figs. 4 and 5. 

As already indicated in Fig. 3, the test points for residual velocities below 
about 200 fpm deviate from the curves of Figs. 4 to 7. These deviations are 
shown by Fig. 8, where the dotted curve (from Fig. 7) affords a direct com- 
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parison. Most of the experimental points fall below this dotted curve, as should 
be expected when viscous friction decreases the jet velocities. The test results 
from the heated thermometer and heated thermocouple are shown separately 
in this plot in order to present a comparison of the two instruments at velocities 
between 40 and 200 fpm. 

Fig. 9 again presents the results of the four metal panels tested within the 
enclosed space, (see also Fig. 4). The heated thermometer and the heated 
thermocouple readings are shown separately in Fig. 9, to give another com- 
parison of the two instruments, this time for velocities above 200 fpm. 


EXPERIMENTAL METHODS 


Velocity traverses of the air stream were taken at several different distances 
from the face of the panel. Such runs were made at various static pressures 
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Fic. 9. TEsts ON FOUR METAL PANELS (RESULTS 
FROM HEATED THERMOMETER AND HEATED THERMO- 
COUPLE SHOWN SEPARATELY ) 


using both a heated thermometer (thermo-anemometer) and a heated thermo- 
couple of commercial type. To position the instruments, in the perforated ceiling 
tests, an 84-in. square grid was suspended from the ceiling in such a manner 
that it could be set at any desired level from the floor and still be centered upon 
the perforated panel mounted in the ceiling. The grid was divided into 3-in. 
squares by fine thread. 

The panels were mounted centrally in the ceiling which formed the lower 
side of a large plenum. The air discharged downward into an enclosed room 
approximately 18 X 12 X 8 ft, and was exhausted through large outlet grilles in 
the baseboard at one end of the room. 

The procedure was to set the grid level and pressure differential and then 
take velocity readings with the heated thermocouple positioned in the stream. 
Readings were taken with the instrument pointing into the moving air stream 
at the center of each of the grid squares where the velocity was 50 fpm or 
better. The heated thermometer was used to determine the peak velocity at 
the location previously indicated by the heated thermocouple. 
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The calibration of these two instruments was similar to that procedure fol- 
lowed by Seigel® on anemometer calibration. The velocity distribution across 
the test section was very uniform. Air flow was measured by the pressure 
drop across a calibrated 4-in. orifice mounted downstream of the test section. A 
micromanometer which checked exactly with a hook gage was used to measure 
the pressure. 

The heated-thermocouple anemometer consisted of series thermocouples 
mounted in the open-end of a half inch metal tube, with a provision for electrical 


2 


Fic. 10. CALIBRATION OF 
HEATED THERMOMETER AT 
VARIOUS IMPRESSED VOLT- 
AGES. (AT TEMPERATURE 
DIFFERENCE BETWEEN 
HEATED AND UNHEATED 
THERMOMETER ) 


heating of the hot junctions due to the electrical resistance of the fine thermo- 
couple wire itself. The magnitude of the d-c thermal voltage generated by the 
pile is indicated on a calibrated dial reading in feet per minute. 

The heated thermometer anemometer was identical to the one described by 
Yaglou’. It consists of two glass thermometers one of which is wound with a 
manganin wire heating coil about its bulb. A direct current is passed through 
the coil by impressing a controlled voltage (1.5 to 6 volt) with batteries. The 
heated thermometer is cooled by the air flow. The temperature difference 
between the heated thermometer and the ambient thermometer is dependent 
upon the air velocity. Thus, the higher the velocity the smaller the tempera- 
ture difference. 


The heated thermometer calibration curves (Fig. 10) show close agreement 
with the curves based on the equation developed by Yaglou*. The relationship 
is linear for all practical purposes. 
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The calibration curve for the heated thermocouple (Fig. 11) shows very close 
agreement between the indicated reading and the true reading from 85 to 220 
fpm. This calibration was repeated about half way through the tests and the 
curve was reproduced, indicating that the instrument characteristics were con- 
stant with time. 

The reading of the heated thermocouple anemometer was subject to the 
observer’s judgment of a time average, under fluctuating conditions. Two 
observers could differ as much as 50 to 100 fpm for a given reading. This 
anemometer is more of a directional type instrument because of the nozzle-like 
shield around the thermocouple mounting. The heated thermometer is less 
directional and has a much greater mass and, therefore, gives a more completely 
integrated value. Because of these characteristics, the heated thermometer was 
preferred for use in determining average peak velocity. 

The perforated panels were calibrated by mounting them on a large plenum 
chamber, metering the air by means of a calibrated orifice, and measuring the 


soo} al 
= 

= 

200) 

4 


STATIC PRESS. -IN.H,0 
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static pressures with calibrated inclined manometers. From these values a dis- 
charge coefficient was determined at various rates of fiow. From Fig. 12 it is 
evident that the slopes of the curves are very close to 0.5 and indicate a nearly 
constant coefficient of discharge for a given panel. 

In addition to the perforated metal panels, several perforated transite panels 
were tested. In this case, the air was discharged horizontally into an open 
space. The panels were mounted on a large plenum. The air flow was metered 
by means of an orifice, and pressure readings were taken from calibrated 
inclined manometers. A bridled vane anemometer was used for taking velocity 
measurements. The anemometer was mounted on a movable stand at center- 
line height of the perforated board. At fixed distances from the panel, velocity 
profiles were obtained. The perforated transite panels were calibrated similarly 
to the perforated metal panels. 


DIscussI0ON AND CuNCLUSIONS 


These test data on several types and sizes of perforated panels furnish a con- 
firmation of the analysis used in deriving Equation 1. A method is, therefore, 
available for estimating the performance of perforated panels, within the range 
of conditions covered by these tests, viz., 3 percent to 40 percent free area, 1 to 
14 sq ft panel size, and up to 3500 fpm velocity through the perforations. 
Moderate variations in the panel shape or the hole spacing or configuration had 
no apparent effect on the performance. If tests were made on panels with very 
small holes, so widely spaced that the individual jets would be prevented from 
converging into a single stream, the results would no doubt be different, but 
such panels would usually not be practicable. 

It will be noted that when the ratio of velocities V,/V,, for the thin metal 
panels was multiplied by the diffusion parameter 1/.1/ Cg%(FA) the result was 
greater than unity. 

For the first zone near the panel this product was about 1.18. McElroy 
termed this ratio, in the first zone, the center constant and also reported values 
above unity*, (between 1.0 and 1.2 depending on the conditions of approach). 
The length of the first zone or phase was somewhat shorter in the present tests 
than those given by McElroy. The center constant for the thick transite panels 
was found to have a much lower value, approximately 0.72. This was probably 
due to the occurrence of the jet contraction and the re-expansion within per- 
forations instead of a normal expansion in the discharge space as is the case 
for the thin metal panels. The fuzziness of the holes may also have been a 
contributing factor. 

In the case where low residual velocities are desired near the panel discharge, 
for large volumes of primary air supply, the optimum panel design and arrange- 
ment would be obtained if panels of small area and low percent free area were 
spaced in such a way as to prevent the streams of each outlet from converging 
and forming higher stream velocities. With such small panel areas the phase 
lengths are decreased, and with low free areas the diffusion is increased. 

When curves such as those in Fig. 7 are used for design purposes involving 
residual velocities below 100 fpm, they will give results on the safe side. On 
the other hand the curves must be used with care for cooling applications. The 


velocity ratio (Vv x/Vo/V CaF (FA) ) is essentially equal to the ratio of tem- 


| 
‘ 


Arr STREAMS FROM PERFORATED PANELS, KOESTEL, HERMANN AND TUVE 295 


perature gradients, hence if (V,/ V./V CaF (FA) ) is near unity within the 
zone of occupancy, only a very small temperature difference is permniissible if 
drafts are to be avoided. However, if low values of ( V,/V./V CaM (FA) ) are 
reached, say 0.1 to 0.3, before the stream enters the zone of occupancy, the tem- 
perature of the air discharged from the perforations may be correspondingly 
lowered below the temperature of the room. 

Further investigation of the non-isothermal conditions is desirable to establish 
the design criteria for heated air and cooled air. Further research, of interest 
from both the theoretical and practical viewpoints, should be conducted on (a) 
stream shapes and profiles; (b) effects of hole spacing and aspect ratio; and 
(c) flow in the viscous and transition regions (second zone). This further 
work will give a more firm basis for determining the best size and spacing of 
perforated panels for year-round air conditioning. 


DeEsIGN EXAMPLE 

Given 

A room is to be supplied with conditioned air at a rate equal to 1.5 cfm of air per 
square foot of gross floor area. Perforated ceiling panels will be used, and two styles 
are available, one with 5 percent free area, the other with 15 percent free area. The 
residual air velocity at a level 6 ft above the floor must not exceed 75 fpm. Two 
possible ceiling arrangements are to be considered: 

1. Low Ceiling Arrangement—A furred ceiling will be used with a floor-to-ceiling 
height of 8 ft. 

2. High Ceiling Arrangement—The floor-to-ceiling height will be 20 ft. 


Required 

The selection of panel sizes and air velocities through the perforations. No air- 
supply panel is to exceed 48 in. in length (or width). 
Solution (based on Fig. 7) 


Vx in all cases is 75 fpm (The residual velocities determined from Fig. 7 will give 
conservative values for velocities below 200 fpm). 

Assume Ca = 0.75 for both panels 

The diffusion parameters for the two panels are: 


5 Percent (FA) Panel, 


1 1 
= = 
VCa X % (FA) V 0.75 X 0.05 au 
15 Percent (FA) Panel, 
1 1 
2.98 


%(FA) V075X015 
The air quantity flowing from each panel is: 
cfm = (PA) % (FA) Ca Vo 


The static pressure required for each panel is determined from the V. in the 
perforations : 


Vo = V2 gh 


i 
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SELECTION 


On the basis of the tabulated results, for the conditions given in this example, 
the most economical selection of the panel type would be based on the percentage 
of ceiling to be perforated and on the static pressure required for a given quan- 
tity of primary air. The required panel area would be an indication of the 


TABULATED RESULTS OF COMPUTATIONS 


PANEL SIZE—FEET 
8 Fr Ceminc X = 2 Fr 
2x2 4x4 
—*~_- 2 1.0 0.5 
V (PA) 
Vo V Ca % (FA) 1.1 1.2 1.2 
Vo at 5 percent (FA) fpm 351 322 322 
Static pressure required, inches HzO 0.008 0. 
Cfm at 5 percent (FA) per panel 13.2 48.4 193.0 
Square feet of floor area served per panel 8.8 32.2 129.0 
Percent of ceiling to be perforated 11.4 12.4 12.4 
Vo at 15 percent (FA) fpm 203 186 186 
Static pressure required, inches H2O0 0.003 0.002 0.002 
Cfm at 15 percent (FA) per panel 22.8 83.6 335.0 
Square feet of floor area served per panel 15.2 55.6 223.0 
Percent of ceiling to be perforated 6.6 7.2 7.2 


TABULATED RESULTS OF COMPUTATIONS 


PANEL S1IZzE—FEET 
20 Fr Ceminc X = 14 Ft 
2x2 4x4 
x 
= (PA) 14 7 3.5 
Ve 1 
Ve Ca % (FA) (FA) 0.25 0.48 0.87 
Vo at 5 percent (FA) fpm 1540 
Static pressure on ow | inches H:0 0.144 0.040 0.012 
Cfm at 5 percent (FA) per panel 57.7 120.5 266.0 
Square feet of floor area served per panel 38.5 80.3 177.3 
Percent of ceiling to be perforated 2.6 4.98 9.01 
Vo at 15 percent (FA) fpm 894 466 257 
Static pressure required, inches HzO 0.048 0.013 0.004 
Cfm at 15 percent (FA) per panel 100.0 210 462 
Square feet of floor area served per panel 66.9 139.2 
Percent of ceiling to be perforated 1.5 2.9 5.2 


installation costs, and the air quantity and static pressure would determine the 
cost of operation (supply fan power). 

In all cases, the 1 X 1 ft panel is the most economical from the standpoint 
of panel surface required. The static pressures for the 1 sq ft panels are greater 
than those of the larger panels, thus indicating higher required fan power, but 
all pressures are low, so that this factor may be neglected in any economic 
considerations for this example. The amount of mixing of the primary air 
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would also be more complete because the mixing lengths are smaller for the 
1 X 1 ft panels than for the larger panels. 

Other factors beyond the scope of this paper may be entailed in this particular 
design example. For example, the values of the ratio, X/1\/ (PA), for the 
8 ft ceiling are relatively low, and indicate that the residual velocity is in the 
first phase or mixing zone in which the center velocity remains constant with 
distance. If the temperature of the discharge air in this case were much below 
that of the room, the lack of mixing of primary air with relatively warm 
secondary air may produce conditions of discomfort to any occupants located 
below the center of the perforated panel. 
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DISCUSSION 


Wittiam Wattace, IJ, Durham, N.C.: Do the authors expect to extend their 
study to cover panels of larger area? 


E. J. Kurexk, Chicago, Ill.: My associates have had considerable success in using 
perforated panels varying in size from 2 x 4 ft to 3 x 6 ft at perforation velocities of 
150 to 200 fpm. Under these conditions, and with temperature differences up to 20 
deg, and with 8 ft ceiling height, the air velocity at or below the breathing level 
had been below 50 fpm, and the temperature gradients in the same zone had been 
from 1 to 2 deg. 

We hope to see further data developed on temperature distribution in non-isothermal 
streams to correlate analytically with what we have known experimentally. 


Cuaries S. Leopotp, Philadelphia, Pa.: Distributing air uniformly through an 
entire perforated ceiling results in low average downward velocity and the delivery 
of air to the conditioned space at a higher temperature than would result if the air were 
delivered through a portion of the ceiling only. The air is warmer because a large 
portion of the internal cooling load is in the form of radiation, both directly from the 
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source, such as lights, or indirectly from the walls and floor. This radiation tends 
to warm the ceiling which, in turn, warms the air before it is delivered to the room. 
Furthermore, if the perimeter losses of the building are met by other means, such 
as radiators, the air delivered to the interior of the building will be at, or below, room 
temperature, even in winter. 

The full perforated ceiling can be considered as the basis on which we can evaluate 
the equivalence or compromise in results to be obtained by lesser areas of air 
introduction. 


Lester T. Avery, Cleveland, Ohio: Our firm has been using the perforated panel 
method of distribution for some time, including ducts and sections, as well. It has 
been found that this is an effective way of handling the cooling load, since it takes 
advantage of the cooling panel, itself, in addition to providing uniform air distribution. 

The paper does not state at what temperature the air was used and I assume that 
the temperature of air was the same as the temperature of the room in which the tests 
were conducted. | would like to ask if further tests will be made with warm air or 
cold air, or whether any tests were made in which the air was ejected horizontally 
from the sidewall of the duct. 

When using the perforated board method of distribution, we have found that it is 
important to maintain good filtering. 


No. 1367 


PRESSURE LOSS AND AIR FLOW 
CHARACTERISTICS OF A BOX PLENUM? 


By S. F. Girman,* R. J. Martin,** W. R. Heprick,? 
AND S. Konzo,¢f Ursana, ILL. 


ys plenums are often used as central air distributing compartments for 
individual ducts when located in (1) attics, in conjunction with either 


overhead supply or ceiling panel systems; (2) ceilings of halls or closets in 
basementless homes; and (3) in basements, when the conditioner is not centrally 
located or the basement height is not sufficient to accommodate a bonnet. The 
term box plenum as used in this paper refers to a type of plenum having a 
large cross-sectional area relative to the inlet area. The cost of the box 
plenum system is often substantially less than that of the conventional system, 
since the box is of rectangular construction without transition sections, and the 
branch take-off fittings consist of simple butted connections. 

The design of such plenums is hampered by the lack of information available 
to the engineer. Although abrupt expansion and contraction loss data are 
available and could conceivably apply to the respective entering and leaving 
losses of a plenum, no data are available for evaluating (1) the turbulent mixing 
of the air in a plenum, (2) the effect of the number, size, and location of the 
outlets on the performance of a plenum, and (3) the effect of the physical 
dimensions of a plenum, such as length, on the pressure loss and air flow charac- 
teristics. 

In order to extend present knowledge of the performance characteristics of 
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Experiment Station of the University of Illinois and the American Gas Association. 
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plenums, an investigation of a box plenum with six branch outlets has been 
conducted. The performance characteristics obtained include the distribution of 
air to the outlets, the flow pattern inside the plenum, and the evaluation of the 
pressure losses. The factors investigated and discussed in this paper are: 


1. Performance characteristics of a box plenum having the conventional abrupt 
expansion entrance. 


2. Comparative performance of five entrance sections. 


3. Performance characteristics of an internal expansion section and tentative design 
data for its use. 


DESCRIPTION OF TEST APPARATUS 


The general test arrangement is shown in Figs. 1 and 2. The four orifices 
in the orifice box were used to measure the total air quantity entering the 
system, and were used singly or in parallel, depending upon the range of 
volumes used. The centrifugal blower in the fan section discharged air from 
the orifice box into the trunk duct leading to the box plenum. Two adjustable 
rheostats, in conjunction with a d-c motor, provided fan speed variation over a 
wide range. The resistance plate and egg-crate straightener provided uniform 
flow conditions at Station 2. The top and bottom of the box plenum were made 
of transparent material to permit visual observation of directional indicators con- 
sisting of 480 silk strings uniformly spaced inside. The six branch outlets were 
made as exactly alike as possible and were located in a symmetrical pattern about 
the plenum. The air quantity leaving the system through any outlet was mea- 
sured by means of an orifice in the outlet. The dampers were adjustable and 
were used to control the volume flowing in the outlets. 

The static pressures in the system were measured by piezometer rings at 
Stations 1, 2, 61, and 62, and by static pressure taps at all other stations. Rubber 
tubing connected all stations to inclined draft gages mounted on the instrument 
panel. 

In addition to the test arrangement shown in Figs. 1 and 2, which has been 
designated remote to signify that the fan is not discharging directly into the 
plenum, several other test arrangements were utilized. A close coupled fan 
position was produced by removing the five and one-half feet of trunk duct, 
including the egg-crate straightener and the resistance plate; then reconnecting 
the equipment. Several other test arrangements were provided by changing 
the locations of outlets Nos. 1 and 5 along the sides of the plenum. In addition, 
further variation of conditions was possible by completely closing off any 
combination of outlets; therefore tests could be run with from one to six outlets 
open. 

When any of the foregoing test arrangements was used, one of the five 
entrance sections shown in Fig. 3 was located at the plenum entrance, that is, 
just downstream of Station 2 (see Fig. 1). The principal details of these five 
entrance sections are: 


Type 1—Conventional method of introducing air into a plenum, that is, an abrupt 
expansion condition. The performance of this section was used as the basis for 
evaluating the performance of the other types. 
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Type 2—A diverging section 18 in. long. This length was selected as a maximum 
distance external to the plenum that would be available for corrective devices in 
many practical applications. 

Type 3—The Type 2 section with seven full-depth splitter vanes installed. 

Type 4—An internal expansion ring having five vanes, the entire device being 
located inside the plenum. 

Type 5—An internal expansion section obtained by inscribing a semicircle about 
the upstream end of the Type 3 section and placing it inside the plenum. 


Fic. 2. PHOTOGRAPH OF LABORATORY APPARATUS FOR BOX 
PLENUM TESTS 


CALIBRATION OF EQUIPMENT 


The 16 inclined draft gages were calibrated with an Illinois micromanometer! 
to obtain calibration curves for correcting the gage readings to their true values. 

The orifices in the orifice box were calibrated with special equipment. When 
calibrated, any volume between 80 and 2000 cfm entering the system was 
determined from the static pressure reading at Station 0. For this volume 
range, the velocities in the trunk duct leading to the plenum were between 64 
and 1600 fpm. 

The orifices in the branch outlets were calibrated individually with the branch 
outlets in their usual positions around the box plenum. During calibration of any 
one outlet, the other outlets were closed off and the air volume flowing was 
determined by means of the orifice box. Any outlet volume between 80 and 


1 Exponent numerals refer to References. 
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350 cim (300-1310 fpm) could then be determined from the pressure differential 
across the orifice. In addition, the static pressure at the upstream tap (Example: 
Station 51 of Outlet No. 5 in Fig. 1) was recorded during calibration to 
determine an outlet resistance calibration curve for each outlet with the 
damper removed. 


GENERAL TEST PROCEDURE 


For any given test arrangement, the total volume was varied over the range 
of 100 to 350 cfm per outlet in about six steps. Before each test, calculations 
were made of the correct gage readings required to furnish the respective total 
volume desired for each step. Each of these volumes was then obtained by 


ALL TYPES: TYPE! TYPE 2 
12° DEEP 


TYPE 3 TYPE 4 TYPE 5 


Fic. 3. PLAN VIEW OF ENTRANCE SECTIONS STUDIED 


adjusting the fan speed until the desired value of the static pressure at Station 
0 was established. The static pressures of Stations 0, 2, 11, 21, 31, 41, 51, and 
61, and the pressure differentials across the outlet orifices were recorded. 

Since one or more of four standard test conditions were produced in a majority 
of the various test series, these four conditions have been designated as basic 
tests and are as follows: 


Basic Test 1—Unbalanced; all dampers removed. The equivalent length of each 
outlet was then 54 ft with 175 cfm flowing. 


Basic Test 2—Balanced to obtain equal outlet volumes. Modification of Basic Test 1 
with minimum dampering, that is, at least one outlet left as in the Basic Test 1. 


Basic Test 3—Unbalanced; additional equivalent length of 46 ft added to each 
outlet by means of the damper. The total equivalent length of each outlet was then 
100 ft with 175 cfm flowing. 


Basic Test 4—Balanced to obtain equal outlet volumes. Modification of Basic 
Test 3 with minimum dampering, that is, at least one outlet left as in the Basic 
Test 3. 
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Taste 1. Box PLenum TEsTS 
Posrron Tests. REMARKS* 
OPEN 

A Special | Special | Calibration One Calibration of orifice box 
and outlet orifices. 

B Remote | Type 1 Basic 1, 2, 3, 4 | Six Rotation occurred. Duplicate 
tests for C and CC flow 
required. 

. Close Type 1 | Basic 1, 2 Six Rotation occurred. Duplicate 

Coupled tests for C and CC flow 
required. 

D Remote | Type 2 | Basic 1, 2, 3, 4 | Six Rotation occurred. Duplicate 
tests for C and CC flow 
required. 

E Remote | Type 3 | Basic 1, 2, 3, 4 | Six No rotation. 

F Remote | Type 4 | Basic 1, 2, 3, 4 | Six Rotation occurred. Duplicate 
tests for C and CC flow 
required. 

G Remote | Type 5 | Basic 1, 2, 3, 4 | Six No rotation. 

H Remote | Type 5 | Basic 1, 2 Six No rotation. Outlet No. 1 
located 7 in. from upstream 
corner of plenum. 

I Remote | Type 5 | Basic 1, 2 Six No rotation. Outlet No. 1 
located 151% in. from up- 
stream corner of plenum. 

J Remote | Type 5 | Basic 1, 2 Six No rotation. Outlet No. 1 
located 11 in. from upstream 
corner of plenum. 

K Remote | Type 5 | Basic 1, 2 Six No rotation. Outlet No. 1 
located 21 in. from upstream 
corner ot plenum. 

L Remote | Type 5 | Basic 1, 2 Six No rotation. Outlet Nos. 1, 
and 5 located 7 in. from up- 
stream corners of plenum. 

M Remote | Type 5 Basic 1, 2 Varied No rotation. 

N Remote | Type 5 | Special Six Three separate piezometer 
rings formed by Station 3, 4, 
11, and 12; Station 5 and 10; 
and Station 6, 7, 8, and 9. 

O Remote | Type 5 | Basic 1 Varied No rotation. 

P Remote | Type 5 | Basic 1 Varied No rotation. 

Q Remote | Type 5 | Basic 1 and Varied No rotation. Piezometer ring 

Special formed by Station 6, 7, 8, 


and 9. 


a Rotation—For several tests, the entering air flowed down one side of the plenum instead of 
expanding and completely filling the plenum section near the entrance. This condition was designated 
as Clockwise (C) or Counterclockwise (CC) Rotation, depending upon the direction of the air flow 


around the plenum as viewed from above. 


from the entering duct fed Outlets Nos. 1, 2, 3, 4, and 5 in order. 


For example, when CC rotation occurred, the air stream 
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ATMOSPHERIC PRESSURE 


Fic. 4. DESCRIPTION OF LOSSES OC- 
CURRING IN BOX PLENUM 


The test series completed, together with supplementary information, are shown 
in Table 1. 


ANALYsIS OF LossES 


The system pressure loss in any arrangement consisting of a box plenum 
and ducts is composed of the 


1. Entrance loss as the air enters the plenum. 
2. Turbulence loss within the plenum. 
3. Outlet loss as the air flows from the plenum into the branch outlet. 


4. Duct loss, including registers. 


For purposes of this investigation, Station 2 (see Fig. 4) represented the 
beginning of the system under consideration; therefore, when the total pressure 
at Station 2 above atmospheric pressure was evaluated for any test it represented 
the system loss for that test arrangement, namely, the sum of the losses of items 
1 through 4. 

The sum of the pressure losses in items 1, 2, and 3 can be considered as 
representing the total loss of the plenum, and can be evaluated by subtracting the 
duct loss (item 4) from the total pressure measured at Station 2. This duct 
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loss (item 4) was determined from the total pressure at Station nl.* Since 
duct losses in general can be determined by methods in common use, the duct 
losses of the branch outlets were incidental to the main objectives of this investi- 
gation. The total loss was then expressed as 


in which 
Lt = total loss of the plenum, sum of items 1, 2, 3. 


(TP)o = total pressure at Station 2, sum of items 1, 2, 3, 4. 
(TP)n = total pressure at Station nl, item 4. 


By methods discussed in detail in Appendix A, it was possible to evaluate 
the outlet loss (item 3), one of the three components in the total loss as 
determined from Equation 1. The outlet loss could be expressed as 


in which 
In = outlet loss at the entrance into any branch duct, item 3. 
(VP)n = velocity pressure at Station nl. 


When this outlet loss, Equation 2, was subtracted from the total loss of the 
plenum, Equation 1, the result was defined as the plenum loss. The plenum loss, 
which was the sum of the entrance and turbulence losses, could therefore be 
expressed as 


in which 


Lp = plenum loss, sum of items 1 and 2. 


An investigation of the factors affecting the entrance and turbulence losses 
resulted in the conclusion that they depend upon each other and are not logically 
separable. The investigation consisted, therefore, in evaluating the plenum loss 
L» and the outlet loss Lx for a large number of arrangements of the plenum and 
branch outlets. 

Since the six branch outlets were similar in construction, they were expected 
to deliver equal volumes. However, when a balanced distribution was not 
obtained, the dampers in the branch outlets were used to equalize the flow from 
each outlet. Thus the box plenum system was balanced in exactly the same 
manner as any air distribution system would be balanced in the field. The 
additional pressure required to balance the system was designated as the 
balancing loss. This was represented by the difference in pressure require- 
ments for balanced and unbalanced tests, designated as Basic Tests 2 and 1, 
respectively. Although the balancing loss would ordinarily be considered as 
part of the duct loss (item 4), it can be appropriately considered as part of the 
plenum loss, since the amount of additional pressure required for balance depends 
upon the pressure loss and air flow characteristics of the plenum. 

As will be discussed in a later section of this paper, the pressure loss in the 


*n is a general symbol for the number assigned to any outlet for reference purposes only. Example: 
for Outlet No. 2, Sta. n1 would be written Sta. 21. 
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plenum, including the balancing loss, was materially affected by the design of 
the expansion section at the entry of the box plenum. Since the losses to be 
evaluated for balanced test conditions included the balancing loss, the results 
of Basic Test 2 (the balanced tests) were expected to provide a better index of 
the performance of the box plenum than the results of Basic Test 1 (unbalanced 
tests). 

The losses shown in the foregoing equations were measured in inches of 
water ; consequently, any given loss was necessarily associated with a particular 
volume or velocity. Therefore, the losses were more conveniently expressed as 
the number of velocity heads lost by dividing the loss in inches of water by 
the velocity head corresponding to the velocity flowing, also in inches of water. 
This number, being dimensionless, was then independent of any volume or 
velocity. For example, if Equation 2 is divided by (VP)s, the number of 
velocity heads lost is 0.45; and this value is applicable for any volume flowing 
in the outlet. 


PERFORMANCE WITH ABRUPT EXPANSION ENTRANCE SECTION (TYPE 1) 


a. Plenum Losses. The results of the Basic Tests 1 and 2 of Series B indicated 
that the plenum loss was 1.17 velocity heads in the inlet duct for unbalanced con- 
ditions and was increased to 1.77 velocity heads in the inlet duct when the system 
was balanced for equal flow from each outlet. 

The plenum loss under balanced conditions is more than five times the abrupt 
expansion entrance loss obtained from current literature.2-3 Since no published data 
are available for evaluating the turbulence loss within a plenum, the entire plenum loss 
is generally assumed to be represented by the entrance loss alone. The results of 
this investigation show clearly that this is a dangerous assumption, because the 
entrance loss obtained from the literature represented less than 20 percent of the 
actual loss which occurred within the plenum. 

b. Rotational Flow. During the test series conducted with the Type 1 entrance 
section and with the fan in both the remote and close coupled positions, the silk 
directional indicators showed a definite rotation of the air within the plenum in either 
the clockwise or counterclockwise direction. The particular direction of rotation 
which would occur could not be predicted in advance of a test. 

The effect of this rotation on the distribution of air to the outlets was of con- 
siderable importance, because the amount of air going to each outlet depended upon 
the location of the outlet with respect to the rotating stream. Moreover, the flow 
could be readily changed from clockwise to counterclockwise rotation, or vice versa, 
thus upsetting the former distribution. For example, Outlet No. 1 delivered more 
air than Outlet No. 5 when counterclockwise rotation occurred in the Basic Test 1 
(unbalanced) tests. However, when Outlet No. 1 was closed off for 5 to 20 sec, 
the direction of rotation shifted to clockwise and was stable in that direction, even 
when Outlet No. 1 was reopened. Outlet No. 1 then delivered only 80 percent of 
its former volume. 

Because of the unequal distribution of the air to the outlets during the unbalanced 
tests, high resistances had to be imposed upon the favored outlets with the dampers 
to bring the system into balance at equal outlet volumes; consequently the system 
had a high balancing loss. Moreover, when the system was balanced for a given 
direction of rotation, it would become unbalanced if the direction of rotation changed. 

With respect to the pressure losses, tests indicated that they were the same 
irrespective of the direction of rotation. Furthermore, the distribution of the air 
to the outlets was symmetrical; for example, if Outlets Nos. 1 and 5 (see Fig. 1) 


; 
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delivered 180 and 150 cfm, respectively, during counterclockwise rotation, they 
would deliver 150 and 180 cfm, respectively, during clockwise rotation. 

The impossibility of obtaining reliable design data for such an unstable system is 
apparent. Furthermore, the use of the Type 1 entrance section in field applications 
should be avoided, since the balance could conceivably be upset by stopping and 
restarting the fan or temporarily closing off a register. 

c. Effect of Adding Equal Resistance to Each Outlet. The purpose of the Basic 
Tests 3 and 4 was to determine the effect of adding equal resistance to each outlet 
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Fic, 5. PLENUM LOSSES WITH FIVE 
TYPES OF ENTRANCE SECTIONS 


upon the pressure loss and air flow characteristics of the box plenum. The results 
of these tests were compared with those of Basic Tests 1 and 2. This comparison 
showed that the total pressure at Station 2 was higher by an amount equivalent to 
the resistance added. However, the calculated total losses were the same for the 
Basic Tests 1 and 3, and also for the Basic Tests 2 and 4. It was therefore con- 
cluded that the total loss of the plenum was unaffected by the addition of equal 
resistances to each outlet. Also, the added resistance had no perceptible effect upon 
the air flow characteristics: the individual outlet volumes were comparable and 
rotational flow occurred. 

d. Effect of Fan Discharging Directly Into Plenum. The Series C tests were 
conducted with the close coupled test arrangement in order to investigate the effect 
of the fan discharging directly into the plenum. The previous tests with the remote 
fan position (Series B) were duplicated to provide direct comparison of results. 
The system loss with the fan in the close coupled position was slightly greater than 
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the corresponding loss in the remote position. However, for all practical purposes, 
the losses can be considered the same for either test arrangement. Furthermore, the 
distribution of the air to the outlets was the same, and rotational flow occurred 
during both test series. 


COMPARATIVE PERFORMANCE OF FIVE ENTRANCE SECTIONS 


Since the use of the abrupt expansion section (Type 1) resulted in high losses 
and unstable flow conditions, four additional entrance sections (Fig. 3) were 
developed and tested. The plenum losses are shown in Fig. 5. These results 
were obtained from the Basic Tests 1 and 2 with ali six outlets open. 
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Fic. 6. EFFECT OF OUTLET LOCATION ON PRESSURE 
LOSS OF BOX PLENUM 


It may be noted that rotation occurred with Types 1, 2, and 4. As previously 
discussed, the use of any entrance section which results in rotational flow should 
be avoided. 

The effect of adding equal resistances to each outlet was also investigated with 
Types 2, 3, 4, and 5. The results indicated that the plenum loss alone was not 
affected. This result agreed with that obtained with the Type 1 section. 

The following factors were selected for evaluating the performance of any 
entrance section: 


1. The plenum loss under balanced conditions. 

2. The additional pressure required to balance the system. 

3. The stability of the system, or the ability to maintain fixed flow rates. 
4. The space requirements external to the plenum. 


The Type 5 entrance section was superior to the others in all of these respects, 
and was therefore studied in greater detail. 
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PERFORMANCE WITH TyPE 5 ENTRANCE SECTION 


A number of test series were conducted with the Type 5 section to investigate 
the effect of moving one or more outlets, and the results are presented in Fig. 6. 
The total loss of the plenum increased considerably when the outlet was located 
closer than approximately 12 in. from the corner of the plenum. Therefore, the 
centerline of any outlet should be more than 12 in. from the corner if excessive 
pressure losses are to be avoided. 

An additional test series was conducted with both Outlets Nos. 1 and 5 
located seven inches from the corner of the plenum. As indicated by point A in 
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Fic. 7. VARIATION OF STATIC PRESSURE AND VOLUME AT 
STATION 2 WITH] NUMBER OF OUTLETS OPEN 


Fig. 6, the total loss is less under these conditions. This indicates that a sym- 
metrical location of outlets is desirable when a distance D of less than 12 in. 
must be used. For a distance D greater than 12 in., the performance of the 
system is not affected by the relative locations of outlets. 

The effect of varying the number of outlets open was also investigated. The 
relationships of the static pressures and air volumes are shown in Fig. 7. 
Since for any given number of outlets open numerous combinations were 
possible, several representative combinations were tested for each condition. 
The static pressure requirements were found to be independent of the particular 
outlets open in any one combination. 

From the data of Fig. 7 and the equations developed in Appendix B, the curve 
of Fig. 8 was derived. The plotted points, as compared with the curve, repre- 
sent deviations of less than three percent in the test data. 
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The equation of this curve, which represents the unbalanced flow condition, 
can also be expressed 
Lt = 0.80(VP)o + 
in which 
Lt = total loss of the plenum, inches of water. 


(VP)o = velocity head at Station 2, inches of water. 
(VP)n = velocity head at Station nl, inches of water. 


The total loss, therefore, can be expressed as the sum of a function of the 
velocity head in the entrance duct and a function of the velocity head in the 
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Fic. 8. ToTaL Loss OF PLENUM WITH VARIABLE 
RATIOS OF OUTLET TO INLET AREA 


outlet duct. The term 0.80(/P). represents the plenum loss L», and the term 
0.45(VP)» represents the outlet loss Ls. The plenum loss includes the entrance 
and turbulence losses; however, as previously stated, these two losses depend 
on each other and cannot be logically separated. 

For the balanced flow condition, an equation similar in form to Equation 4 
can be derived. In this connection, the balancing loss with the Type 5 section 
(see Fig. 5) was extremely small with all six outlets open. Moreover, as the 
number of outlets open was reduced, the balancing loss became progressively 
less—in fact, it was necessarily zero when only one outlet was open. Therefore, 
the data obtained with all outlets open were used to derive an expression for the 
total loss for the balanced flow condition, as follows: 


Le = 0.90(VP)o + 0.45(VP)n. (5) 
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This equation is recommended for use with the Type 5 entrance section, provided 
no outlet is located within 12 in. of the upstream corners of the plenum. 

Equations 4 and 5, which were derived from curves having dimensionless 
ordinates, have a definite possibility of being extrapolated to other sizes of inlet 
and outlet ducts and to larger numbers of outlets open. Additional tests are in 
progress to investigate this possibility. 

The favorable performance characteristics of the Type 5 entrance section 
can be summarized as follows: 


1. The plenum loss under balanced conditions was only 51 percent of that for the 
Type 1 section. 

2. The additional pressure required to balance the system was very small. 

3. The stability of the system was excellent, since no rotational flow occurred or 
could be made to occur. 

4. The space requirement was a minimum, since the entrance section occupied no 
space external to the plenum. 

5. The section was easily fabricated and installed. 


Because of these favorable characteristics, this section is recommended for 
use, and the necessary construction details are shown in Fig. 9. 


GENERAL EQuATION FoR Loss 


The relations expressed in Equations 4 and 5 can be used to develop a general 
equation for the total loss of a box plenum, which is 


Lt = Ko(VP)o + Kn(VP)n ........... 
in which 


Lt = total loss of any box plenum, inches of water. 

Ko = aconstant which depends on factors such as the entrance section, amount 
of turbulence within the plenum, and the physical dimensions of the 
plenum. 

Kn = a constant which depends upon the performance of the plenum take-off 
fitting. 

(VP)o = velocity head in the entrance duct, inches of water. 
(VP)n = velocity head in any outlet duct, inches of water. 


For the branch outlets used in this investigation, Kn has been evaluated as 
equal to 0.45. For the five entrance sections investigated, the values of the 
balanced plenum losses shown in Fig. 5 are also values of Ko. Therefore, the 
total loss equations for the five types of entrance sections, for balanced flow 


conditions, are as follows: 


Type 1—Lt = 1.77(VP)o + 0.45(VP)n 
Type 2—Lt = 1.42(VP)o + 0.45(VP)n. . . (8) 
Type 3—Lt = 1.18(VP)o + 045(VP)n. 
Type 4—Lt = 1.47(VP)o + 0.45(VP)n (10) 
Type 5—Lt = 0.90(VP)o + 0.45(VP)n (5) 


In order to investigate the applicability of Equation 6 to other sizes and 
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types of plenums, additional tests are in progress with a three-foot long box 
plenum. 


CONCLUSIONS 


1. The total pressure loss associated with a box plenum is composed of an entrance, 
turbulence, and outlet loss. The entrance and turbulent losses cannot be logically 
separated. 

2. The pressure loss at the entrance to the branch outlets is in good agreement 
with the generally accepted value. 

3. The pressure losses and air flow conditions within a box plenum are not 
affected by the addition of equal resistance to each outlet. 

4. For all practical purposes, the losses with the remote and close coupled fan 
positions are the same. Therefore, the results will apply to field conditions when the 
fan is located very close to the plenum. 

5. Take-off fittings for branch outlets should not be located within 12 in. of the 
upstream corners of the plenum if excessive balancing losses are to be avoided. 
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Fic. 9. CONSTRUCTION DETAILS OF 
TYPE 5 ENTRANCE SECTION (PLAN 
VIEW ) 


6. The plenum loss with the abrupt expansion entrance section (Type 1) installed 
is much higher than the calculated entrance loss alone, indicating the loss due to 
turbulent mixing in the plenu.n is severe. 

7. Unless the entrance section of a box plenum is carefully designed, large pres- 
sure losses and unstable distribution of air to the branch outlets will result. 

8. When the Types 1, 2, and 4 entrance sections were used, rotational flow 
occurred and the system was unstable. The use of these three types should be 
avoided. 

9. The Type 5 entrance section is superior to the other types tested from the 
standpoint of total joss, pressure required to balance the system, stability of the 
system, and space requirements. This section is recommended for use in the field. 
The plenum loss with this section can be taken as 0.90 velocity heads in the inlet 
duct, provided no branch take-off is located within 12 in. of the upstream corners 
of the plenum. 
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APPENDIX A 
EVALUATION OF THE OUTLET 


Since all outlets were butted to the sides of the plenum, an abrupt contraction loss 
occurred as the air flowed from the plenum into any outlet. The results of the 
Series A and Series Q tests for the condition of one outlet open provided two 
separate methods for evaluating this loss. 

The outlet loss based on the Series A tests was obtained by assuming that the 
outlet loss was equal to the total loss Zt. Since, with only one outlet open, the 
velocity head in the branch outlet was 21.8 and 126.0 times the velocity heads in the 
entrance duct (Station 2) and plenum, respectively, this assumption represented a good 
approximation of the actual outlet loss. 

With regard to the second method, one of the Series Q tests was conducted with 
only Outlet No. 3 open and Stations 6, 7, 8, and 9 connected in parallel to form a 
piezometer. With this piezometer, the total pressure existing just ahead of the entrance 
to Outlet No. 3 was obtained. The difference between this total pressure and the total 
pressure at Station 31 (see Fig. 4) represented the contraction loss occurring at the 
entrance to the outlet. 

Since the pressure differences were small, and thus the potential error large, the 
average of the values determined by the two methods was selected. The final result 
obtained was an outlet loss equal to 0.45 of the velocity head existing in the branch 
outlet. 


APPENDIX B 
CoMPUTATION OF RESULTS 


Energy Leaving the Plenum 


Since all outlets were made alike, they had nearly identical resistance calibration 
curves. Within the limits of accuracy possible, the static pressure at the upstream tap 
of any outlet (Station nl) could be expressed by a single equation of the form 
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in which 
(SP)n. = static pressure at the up-stream tap of any outlet, inches of water. 


Qn = volume flowing in any outlet as obtained from the orifice differential 
calibration curves, cubic feet per minute of air at standard density. 


K =a constant of proportionality. 


n = subscript denoting the number of any outlet concerned. Example: for 
Outlet No. 2, Equation 11 becomes 


= (2) 


Since logarithmic coordinate paper was used, the constant K was easily evaluated 
and Equation 11 became 


In order to evaluate the total energy leaving the plenum, it was necessary to 
consider the total pressure (JP), which is the sum of the static (SP) and velocity 
(VP) pressures. Thus, for any outlet 


Also, for any outlet 
or, for air at standard density and 7 in. diameter outlets, 
Qn = (0:207) (VP (15) 


in which 


(VP)n = velocity head in any outlet corresponding to the mean velocity of flow, © 
inches of water. 


When solved for (V P)a, Equation 15 became 


Qn \? 
Equations 12 and 16 were substituted into Equation 13 to obtain 
which was combined into one term. The final result was 


which expressed the total pressure, in inches of water, at Station nl as a function 
of the volume flowing in the outlet, provided only that the outlet was not dampered. 


Energy Entering the Plenum 


An expression for the total pressure at Station 2 was obtained by an analysis 
similar in every respect to the foregoing. At Station 2, the 12 in. & 15 in. trunk 
duct had an area of 1.25 sq ft. Thus, Equation 14 became 
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where the subscript refers to Station 2. Equation 19 led directly to 


(20) 


(VP)o = (58, 
tn which 


(VP)o = velocity head in trunk duct corresponding to the mean velocity of flow, 
inches of water. 


An equation similar in form to Equation 17 was then 
(TP)o = (2) + 


Ksp = a constant of proportionality to be determined experimentally. (Examples: 
equations of curves shown in Fig. 7. 


in which 


After K.» was determined experimentally, Equation 21 was reduced to 


(TP). = ( 


in which 


Krp = total pressure constant of proportionality which included the two 
constants in Equation 21. 


Equation 22 expressed the total pressure, in inches of water, at Station 2 as a 
function of the total volume entering the plenum. Clearly, Kp varied with the con- 
ditions of the test, such as the type of expansion section used and the number of 
outlets open. 


Evaluation of Losses 


Since the difference in energy entering and leaving the plenum represented the 
loss, Equations 18 and 22 provided the necessary relationships for determining the 
total pressure loss from Station 2 to Station nl for any undampered outlet. Thus, 


Equation 1 became 
2 


This equation applied to each outlet for the tests conducted with all dampers 
removed, that is, unbalanced flow conditions (Basic Test 1). However, since the 
outlet volumes were not the same, the total loss depended upon the particular outlet 
volume selected. Therefore, an average total loss was required. In this connection, 
the assumption that 


in which 


Qn = average outlet volume, cubic feet per minute of air at standard density 


introduced a maximum error of 0.7 percent. Since this error was well within the 
limits of accuracy of the investigation, Equation 23 was written 
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Since 
in which 
N = number of outlets open during a given test.* Example: for any combina- 
tion of three outlets open, N = 3 


Substitution of Equation 26 in Equation 25 resulted in a general equation for the 
total loss with any number of outlets open. 


N Qn 

In order to express Equation 27 in a dimensionless form, it was divided by Equation 
16 to obtain 

N 

_ \Kr 592 
1070 


which, when reduced to its final form, 


It 1070 N 


was used to calculate the total loss of the plenum for all Basic Test J tests. 

During the Basic Test 2 tests, balanced flow conditions were obtained by adjusting 
the dampers until the outlet volumes were equal. Therefore, any outlet volume Qa 
was also the average outlet volume Qn; moreover, at least one outlet was not dampered 
during the Basic Test 2 tests. Since these were precisely the conditions used in the 
derivation of the given equations for the Basic Test 1 tests, the foregoing equations 
were also applicable to the one or more outlets not dampered during the Basic Test 2 
tests. Furthermore, since whatever resistance was added to balance the system was 
charged against the system performance, the total loss computed from Equation 29 
for any one undampered outlet represented the total loss of the system under 
balanced conditions of flow. Therefore, Equation 29 was used to calculate the 
total loss of the plenum for all Basic Test 2 tests. 

When Equations 2 and 3 were divided by (V’P)a to obtain dimensionless ex- 
pressions, the plenum loss in velocity heads in the outlet duct was easily evaluated 
with the aid of Equation 29. 

A: relation between the velocity heads existing in the inlet and outlet ducts was 
derived as follows: Equations 19 and 26 were equated to obtain 


or, with the aid of Equations 14 and 24, 


For air at standard density and the respective areas, Equation 31 became 


(1.25) (4005) (VP)o = N (0.267) (4005) / (VP)n . .. . (32) 


* This symbol should not be contend with the symbol “‘n’” which refers to the number assigned 
to any outlet for reference purposes only. 
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which, when rationalized and rearranged, provided the desired result 


(VP)n = (AP) (83) 


Thus, any loss could be expressed in terms of either the velocity head in the outlet 
duct or the velocity head in the inlet duct. 


Derivation of Equation in Fig. 8 


The curve of Fig. 8 and its equation were established as follows: The total losses 
were plotted against the number of outlets open. However, any given number of 
outlets open could be expressed as a ratio of the inlet and outlet duct areas. When 
this was done, the completely dimensionless plot of Fig. 8 was obtained. 

The problem was then the relating of the plotted points to a single curve. In 
this connection, an attempt was made to fit the plotted points with the simplest re- 
lation which might hold. This was 


Lt = Ko( VP)o + Kn( VP)n (34) 


where K. and Ky are constants. Using the value of the outlet loss determined 
by the methods discussed in Appendix A, Equation 34 became 


Le = Ko(VP)o + 0.45(VP)n . (35) 
Next, Equation 33 was used to eliminate (VP). and obtain 


(sis) (VP)n +045(VP)n (36) 


which, when divided by (V P)», became 


= Ko (srg) +045 « 
However, since the identity 
could be written, Equation 37 was expressed 


Using trial values of Ko, Equation 39 was calculated and plotted on Fig. 8 until 
a value of K. providing the best fit was obtained. The final result was 


wey, 0.80 ( pe) 4045 (40) 


which is the equation of the curve shown in Fig. 8. The plotted points, as compared 
with the curve, were found to represent deviations of less than three percent in the 
test data. Since three percent was within the limits of accuracy expected, it was 
concluded that the relations expressed by Equations 34 and 40 provided a satisfactory 
fit of the plotted points. 


DIsCUSSION ON PRESSURE Loss AND AIR FLow CHARACTERISTICS OF Box PLENUM 319 


DISCUSSION 


F. L. Meyer and J. J. Boranp*, Peoria, Ill. (WritrEN): The authors are to be 
commended for the detailed study of the air flow characteristics within a box plenum. 
Obviously, a great deal of careful thought and effort have gone into the making 
of this report and the practicability of the proposed method is gratifying. The use 
of a box plenum, in which the results were assured to be stable, would be of great 
assistance in design of overhead supply ducts or central air distributing compartments 
in the applications mentioned. 

According to Table 1, assured results are dependent on the use of Type 3, or its 
modified version Type 5, to obtain non-rotational flow within the box plenum. It 
would appear that the tests with these entrance sections were not carried far enough 
to assure stability in all cases. Tests were conducted on Type 1, both remote and 
close-coupled, and the results indicated that the characteristics were very similar. 
To make the close-coupled test, it was necessary to remove the egg-crate straighteners 
and the resistance plate. Both of these items help to produce a uniform velocity 
contour as the air approaches the entrance section. It would be interesting to know 
if an investigation was made of the velocity contour at Station 2 to show whether 
the velocity contour was uniform and the rotation in the box plenum was produced 
by the rapid expansion of air into the box plenum. The successful use of the 
entrance section, Type 3 or Type 5, would appear to be dependent upon the uniform 
velocity contour approaching the entrance section produced by the egg-crate straighten- 
ers or the resistance plate. If the velocity contour approaching the entrance section, 
Type 3 or Type 5, should not be uniform due to close-coupling of heating or cooling 
equipment or an elbow upstream of the box plenum, the air flow in the box plenum 
may also be unstable. If tests prove this to be the case, the use of egg-crate straight- 
eners or a resistance plate may be required to produce a uniform velocity contour. This 
would impose additional resistance in the system and increase the box plenum loss. 


Joun Everetts, Jr., Philadelphia, Pa.: I wish to compliment the authors on their 
excellent presentation of a subject of importance in design of air conditioning and 
heating systems. 

With entrance duct the same depth as plenum, would resistance change with other 
=. ratios and with four sides of entrance duct effective for expansion? 

2 

I suggest that work be continued particularly on exhaust plenums and plenum 
intakes for fans. 


C. S. Leopotp, Philadelphia, Pa.: Were there any measurements or observations 
of effect of the deflector on noise? 


Avutuors’ CLosure: Referring to the comments of Messrs. Meyer and Boland, the 
velocity contour at Station 2 was determined for several arrangements of the apparatus. 
During calibration of. the orifice box, the apparatus downstream of Station 2 was 
removed and a transition section and 15 ft of 10-in. diameter duct installed. For this 
condition the velocity contour at Station 2 was, for all practical purposes, uniform. 
With the Type 1 section installed as shown in Fig. 1 of the paper, the velocity 
contour varied with the direction of rotation. During clockwise rotation of the air 
stream, the velocity contour showed definitely higher velocities in the left-hand side 
of the trunk duct as we stand at the orifice box and look downstream. During 
counterclockwise rotation the velocities at points near the right-hand side of the trunk 
duct at Station 2 were definitely higher than on the left side. The velocity contour 
was therefore determined to a great extent by the direction of flow in the plenum. 
Velocity contours at Station 2 were not obtained when the Types 3, 4, and 5 were 


* The Meyer Furnace Company. 
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used because these sections prevented the placement of a pitot tube at Section 2. How- 
ever, exploratory studies were made with the resistance plate removed and the Type 5 
section installed. The pressure losses in the plenum were the same and rotational flow 
still could not be made to occur. From our experience with the Type 5 section, it is 
our opinion that stable operation with this section could be expected except possibly 
for cases of extreme non-uniformity of velocity profile at the entrance to the plenum. 

As to Mr. Everetts’ questions, the ratio of the plenum area at the entrance to the 
trunk duct area was 2.4. The use of area ratios between 2 and 3 would change the 
resistance only slightly. Ratios outside this range would be used only rarely. If the 
depth of the entrance duct were smaller thaa that of the plenum, the Type 5 entrance 
would not normally be used because it provides for expansion only in one direction; 
that is, for a horizontal expansion of the air stream. An entrance section providing for 
efficient expansion both horizontally and vertically is difficult to fabricate. We suggest 
instead that the entrance duct be made the same depth as the plenum wherever possible. 

Qualitative observations by ear were made of the noise. Insofar as we could deter- 
mine, no noise due to the deflector was audible. However, in a residential installation 
with the air conditioner close-coupled to the box-plenum and with a very short branch 
duct leading to one of the rooms, equipment noise could be easily transmitted through 
the duct system. For such a case, acoustical treatment could conceivably be necessary. 
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EARTH AS A HEAT SOURCE OR STORAGE MEDIUM 
FOR THE HEAT PUMP 


By E. W. Guernsey*, P. L. Betz** anp N. H. Skaut, BALtTrmore, Mb. 


HE FUTURE development of space heating by the heat pump is to a con- 

siderable degree dependent on the successful adaptation of available heat- 
sources. There has been some tendency, when apparent difficulties in the use 
of air, well water or other heat-sources have been recognized, to look to the use 
of a heat exchanger buried in the earth as a more promising source. It is 
the purpose of this paper to examine critically some of the factors which would 
be expected to determine the practicability of such earth heat-sources. The 
paper will be primarily concerned with the results of a series of calculations of 
heat flow under various specified conditions and over extended periods of time 
when the supply of heat depends solely on heat capacity of the soil and conduc- 
tion through the soil. 

It is believed that heat capacity and thermal conductivity are the most impor- 
tant factors, and that the results may therefore be directly useful as indicating 
the limitations of ground coils for general use. There may be, of course, special 
coil locations, as for example near ground water streams, where there are 
important contributions to heat supply not related to heat capacity and heat 
conduction. In such special cases the calculations of the present paper may be 
less useful. 


AssuMED CONDITIONS 


Solutions are presented in general terms to permit application to various sets 
of circumstances. In addition, however, detailed calculations for particular 
assumed conditions are shown in oraer to give an immediate indication as to 
the practical outlook. The particular conditions are in general such as to give 
minimum values for the required heat transfer surface. Thus, the surfaces are 
assumed to be located in a highly conducting, rather wet soil, (25 to 30 percent 
moisture) having the properties :1 k, 0.896; c,, 0.45; p, 103; a, 0.0193. 


* Director of Research, Consolidated Gas Electric Light and Power Co. of Baltimore. 

** Assistant Director of Research, Consolidated Gas Electric Light and Power Co. of Baltimore. 
t+ Research Chemist, Consolidated Gas Electric Light and Power Co. of Baltimore. 

1 Exponent numerals refer to References. 


Presented at the Semi-Annual Meeting of THe American Sociery or HEATING AND VENTILATING 
Encineers, Minneapolis, Minn., June 1949. 
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It is assumed further for the sample calculations that 50,000,000 Btu of heat 
are to be extracted from the earth annually. This corresponds to the case of a 
small, well-insulated house in an area where the minimum temperature is 0 F, 
the temperature deficiency is 4500 degree days per season, the total heating 
requirement is 75,000,000 Btu, and the coefficient of performance of the heat 
pump is three. 

It is generally assumed for the calculations that the temperature of the heat 
transfer surface may deviate from the normal average earth temperature as 
much as 40 F. 

Several idealized cases may now be considered, these being such as to permit 
precise solution and at the same time to correspond as nearly as possible to some 
particular practical situation. This permits the application of the results of 
the calculations with a minimum of arbitrary adjustment. 


ConsTANT HEAT WITHDRAWAL FROM CYLINDRICAL SURFACE 


Case 1: Heat is withdrawn at a constant rate at a cylindrical surface in con- 
tact with earth of infinite extent and uniform initial temperature. Effects of 
cylinder ends are ignored; these effects become smaller as cylinder length in- 
creases. No account is taken of effects of heat interchange with atmosphere, 
which are small for the case of a long cylinder extending vertically into the earth. 

Newman? following the Kelvin concept developed equations for the tempera- 
ture of continuous sources of either the cylindrical or line type. The line source 
equation is easier to use and is given below: 


log 
A 4m at 
© = f e d logio (4) (1) 


In the present work calculations were made using both expressions and it 
was found that they agree within 1 percent for small cylinders after times t¢ 


2 
greater than idl i.e., when t>0.5 hr for a 34-in. pipe and when t>10.5 hr for 
a 


a 3.82-in. pipe. Errors in Newman’s evaluation of the cylindrical source equa- 
tion were corrected before making the above comparison. 

The temperature change, 6,, at the surface of the cylinder has a special inter- 
est, since in the practical use of the cylinder as a heat-source for the heat pump. 
the design would have to be such that the heat receiving surface would not fall 
below an acceptable minimum temperature after an extended period. Such 
temperatures may be found by inserting values for r in Equation 1 corresponding 
to the radii of the cylinders of the various sizes which may be considered. The 
equation was solved with the aid of available tables* giving the values of a 
related integral. An empirical expression has been developed giving the value 
of the integral with negligible error for values (at/r?) greater than one. Using 
this, Equation 1 becomes 


A at r? 


The relations between pipe surface temperature and time, through an initial 
20-year period, are shown in the curves of Fig. 1. 
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It will be seen that at the beginning of the withdrawal of heat from earth, 
the temperature changes rapidly at the surface of the cylinder, but much less 
rapidly as time proceeds. It is shown that increasing the cylinder diameter 
results in a relatively small decrease in the temperature difference between initial 
ground temperature and cylinder surface temperature. 

The application of these curves may now be illustrated. It is assumed that 
an installation for supplying earth-heat to a heat pump would be considered 
unsatisfactory unless it is able to maintain the heat supply for at least 20 years. 
It is indicated in Fig. 1 that the surface of the 3.82 in. diameter tube, (1 sq ft 
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Fic. 1. TEMPERATURE DIFFERENCE BETWEEN SURFACE OF 
CYLINDERS AND INITIAL EARTH TEMPERATURE AS RELATED 
TO TIME 


Heat absorption rate= A Btu/(hr) (linear ft). Earth con- 
stants: k = 0.896, cp = 0.45, p= 103, a = 9.0193 


area per linear foot) for example, has dropped at the end of 20 years to 1.1 A 
deg below the original uniform ground temperature; that is, the drop in degrees 
is 1.1 times the continuous rate of heat extraction in Btu per hour per linear 
foot of cylinder. 

If it is permissible for the heat absorbing surface to drop at the end of 20 
years to a temperature 40 F below the original ground temperature, the corres- 
ponding rate of heat withdrawal, A, would be 40/1.1 = 36.3 Btu per (hour) 
(foot). If the yearly withdrawal of 50,000,000 Btu were at a uniform rate, that 
is 50,000,000 /8760 = 5710 Btu per hour, the indicated length for 20 years of 
continuous operation would be 5710/36.3= 157 ft for the 3.82 in. diameter 
cylinder. The corresponding lengths indicated for cylinders of the various sizes 
shown in Fig. 1 are found to be as follows: 


Length for Continuous Withdrawal of 5710 Btu per (hour)—Ft 198 174 157 88 
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Ingersoll and Plass* have shown a similar calculation for continuous heat 
withdrawal from two soils. The actual lengths required in a practical case would 
be substantially more than those given here, not only because the soil charac- 
teristics, the annual heat requirement and the allowable temperature variation 
would often be less favorable than assumed, but especially because the yearly 
heat withdrawal would be largely concentrated in a few winter months and not 
spread uniformly over the year. The probable magnitude of the correction for 
the effect of the deviation from constancy in the actual heat withdrawal schedule 
will be considered at a later point. 

In addition to determining the course of the temperature change at the cylin- 
der surface with time, it is possible to determine temperature changes in the soil 
at various distances from the cylinder surface. For these changes Equations 1 
and 2 are applicable, and these relationships are shown in Fig. 2. In Fig. 3 the 
distribution of temperature through the soil at the end of 20 years is shown. 

Such data are pertinent to the determination of space required between two or 
more cylinders in order that they will not in time interfere with each other. 
Further analysis of the data in Fig. 3 permits calculation of the portion of the 
total heat supply for a 20-year period which is drawn from each of the various 
shells of earth surrounding the cylinder. 

The cumulative contributions of the various shells are shown in Fig. 4. The 
curves of Figs. 2, 3, and 4 are applicable for cylinders of any size and for any 
rate of heat transfer considered in this study, but would require modifications 
for soil having properties other than those assumed. For example, it is seen 
from Fig. 4 that in an initial 20-year period about 60 percent of the total heat 
required would be drawn from the soil at distances greater than 50 ft, and over 
20 percent of the total heat required would come from distances greater than 100 
ft. It is clear, therefore, that if heat is withdrawn over a long period with no 
off-setting return of heat, it would not be feasible for several close neighbors 
each to draw on the earth’s heat. 
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Fic. 2. TEMPERATURE CHANGE FROM INITIAL EARTH 
TEMPERATURE AT VARIOUS DISTANCES FROM SMALL DIAM- 
ETER CYLINDER AS RELATED TO TIME 


Heat absorption rate= A Btu/(hr) (linear ft). Earth con- 
stants: k = 0.896, cp = 0.45, p= 103, a= 0.0193 
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Fic. 3. TEMPERATURE CHANGE FROM INITIAL EARTH 

TEMPERATURE AROUND A BURIED CYLINDER OF SMALL 

DIAMETER AFTER 20 YEARS’ OPERATION AS RELATED TO DIS- 
TANCE FROM CYLINDER 


Heat absorption rate= A Btu/(hr) (linear ft). Earth con- 
stants: k = 0.896, cp = 0.45, p= 103, a = 0.0193 


Likewise the cylinder lengths derived earlier in this paper are to be under- 
stood as applying to the case of a single continuous cylinder, as for example, one 
placed vertically in the earth, that is, the indicated lengths could not be changed 
into two or more shorter lengths unless wide spacings between the separate 
portions were maintained. This conclusion would be the same with partial 
return of heat if there were still a substantial unbalance between heat withdrawn 
and returned. On the other hand, it will be indicated later in this paper that 
such interference between neighboring units is much less marked if the quan- 
tities of heat withdrawn from and returned to earth are equal. 


ConsTANT HEAT WITHDRAWAL FROM PLANAR SURFACE 


Case 2: Heat is withdrawn at a constant rate from an infinite planar surface 
in contact with earth of infinite extent in both directions from the surface and 
at uniform initial temperature. Since edge effects are ignored, the solution of 
this problem will be more accurate the larger the surface used. 

A practical analogue to the case considered is a grid of small pipes so closely 
spaced that they act in effect as a heat receiving plate. It is not within the scope 
of this paper to demonstrate the spacing of pipes required. It may, however, be 
said briefly that for this case of constant rate of withdrawal of heat, a spacing 
of three or four feet between pipes is the near-equivalent of a plate. 

An equation applicable to this case is given by Carslaw and Jaeger® as 


2k Vt (3) 


For the special case of the planar surface where += 0, Equation 3 becomes 
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If the same soil properties are assumed as were used in the calculations relat- 
ing to the cylindrical heat transfer surfaces, the relation over a 20-year period 
between temperature at the heat transfer surface and time for any given heat 
withdrawal rate, B, is as shown in Fig. 5. With the planar surface a much 
smaller part of the total temperature change occurs in the early years than with 
cylindrical surfaces (Fig. 1). 
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Fic. 4. CUMULATIVE CONTRIBUTIONS TO TOTAL HEAT 
ABSORPTION OVER A 20-YEAR PERIOD AS RELATED TO DIS- 
TANCE FROM CENTER OF SMALL DIAMETER CYLINDER 


Heat absorption rate= A Btu/(hr) (linear ft). Earth con- 
stants: k = 0.896, cp = 0.45, p= 103, a = 0.0193 


If it is again assumed that the temperature of the heat transfer surface may 
drop at the end of 20 years to a point 40 F below the original soil temperature, 
it is found (noting that the value of the ordinate of the curve at time = 20 years 
is 36.5 B), that the rate of heat extraction, B, may not be more than 40/36.5 
Btu per hour per square foot of plate. The plate area for continuous heat with- 
drawal of 50,000,000 Btu per year for 20 years at a constant rate is hence 
50,000,000 /8760 X 36.5/40= 5210 sq ft. This is for the case where heat is 
flowing to the plate from both directions, as when the plate is placed vertically 
in the earth. The total heat receiving surface would thus be about 10,500 sq ft, 
under the generally favorable conditions assumed. 

The plate size needed to supply heat on an actual schedule of requirement 
would of course be increased. It is estimated, however, that the increase would 
be relatively small, perhaps one-fourth. (This factor fits the case where the 
heat flow is at a rate of 5710 Btu per hour for 20 years, after which heat is 
withdrawn at the rate of 18,000 Btu per hour for three months.) There is 
apparently an extensive and available reserve to meet peaks in demand for heat, 
with only slow drop in temperature in the vicinity of the planar surface. This 
is not the case with the cylindrical surface. 
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Per1opIC WITHDRAWAL AND RETURN AT PLANAR SURFACE 


Case 3: Heat is periodically withdrawn from and returned to the earth at a 
planar heat transfer surface as provided by a plate at such a rate that the tem- 
perature of the surface varies sinusoidally with time. The amounts of heat 
extracted and returned are the same. The earth is thus considered essentially 
as a heat storage medium rather than as a heat-source. If the heat which would 
be returned to the earth, incidental to summer cooling, is less than the heat 
required from the earth for winter heating, the deficiency is to be made up, as for 
example from summer heat. 
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Fic. 5. TEMPERATURE DIFFERENCE BETWEEN SURFACE OF 
FLAT PLATE AND INITIAL EARTH TEMPERATURE AS RELATED 
TO TIME 


Heat absorption rate=B Btu/(hr) (sq ft). Earth con- 
stants: k = 0.896, cp = 0.45, p= 103, a = 0.0193 


Here again, the practical analogue of a plate of a given area is a grid of 
small pipes sufficiently close and covering the same area. 

Following the method outlined by Ingersoll and Zobel®, it may be shown that 
as the temperature of the planar heat transfer surface, 6, is varied sinusoidally, 
(that is, according to the relationship 6,= 6, sin wf) the flow of heat to and 
from the heat transfer surface is described by the equation: 


= 00 [ sinat + (5) 


The imposition of a sinusoidal variation in either heat flow or temperature 
has thus the effect of causing, after an initial period of a few years, both the 
temperature of the heat transfer surface and the heat flow to vary sinusoidally, 
the curve for heat flow leading that for temperature by 114 months, as shown 
in Fig. 6. 

The assumption of a sinusoidal variation in heat flow to and from a ground 
coil for heat pumps would appear to be reasonable as a first approximation, in 
view of the fact that the atmospheric temperature to which heating and cooling 
requirements are related, follows a sine curve quite closely, as shown in Fig. 7. 


| 


328 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Here it is indicated that the average yearly temperature for Baltimore is 56 F. 
and the amplitude of the temperature variation is 22 F. It is true that the 
actual schedule of heat flow to and from earth which would be required for the 
heat pump would deviate in practice from the sine curve. A consideration of 
the effect of these deviations indicates that the actual cylinder length required 
should be somewhat greater than for the idealized Case 3. 

For soil of the same favorable properties as those assumed in the previous 
examples, Equation 5 becomes 


Q = 0.122 (sinut + coswf) . (6) 
| | | 
+068, }+0 VA | 4 | 
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Fic. 6. HEAT FLOW RATE AT THE SUR- 

FACE OF A BURIED PLATE FOR A SINU- 

SOIDAL TEMPERATURE VARIATION OF 
THE PLATE 


Earth Constants: k = 0.896, c, = 0.45, 
p= 103, a= 0.0193 


The total heat flow, W, into or out of the earth corresponding to one loop 
of the sinusoidal heat flow curve (see Fig. 6) is 


= 0.122 0 i= (sinut ......... (7) 


For soils having properties other than those assumed here, other constants 
would be obtained instead of the value 0.122 

If as in other examples it is assumed that a variation from origi #: ~9il tem- 
perature of 40 F is permitted, (that is, 9,40 F) the value of '. © found to 
be 19,240 Btu per sq ft. For a seasonal heat withdrawal trom *.¢ earth of 
50,000,000 Btu, the indicated minimum requirement of planar heat transfer 
surface is 50,000,000 /19,240 = 2600 sq ft. If the surface is in the effective form 
of a plate so disposed that two surface areas are active, the minimum extent of 
plate required would be one-half, or about 1300 sq ft. 

In the foregoing case, heat is restored to the earth during the six-months 
period following heat withdrawal, while actually the heat would have to be 


. 


Earta as Heat Source FoR HEAT Pump, BY GUERNSEY, BETz, SKAU 329 


restored in four summer months in many localities. This could be accomplished 
with the indicated surface (or plate) area only if it is feasible to allow the 
maximum temperature rise of the heat transfer surface in summer to be perhaps 
one-third greater than the assumed permissible maximum temperature drop of 
40 F deg in winter. If in the practical case, the temperature departure in 
summer is limited to 40 F deg, the required surface would be appreciably 
increased. In such a case, there would be the incidental benefit that the maxi- 
mum winter drop would be less than 40 F. 


T 


Fic. 7. AVERAGE SEMI-MONTHLY TEM- 

PERATURES FOR BALTIMORE SHOWING 

CLOSENESS OF SEASONAL VARIATION TO 
A SINUSOIDAL CURVE 


(Points shown are averages for 46 years, 
1875-1921, dotted curve is a theoretical 
sine curve.) 


Periopic WITHDRAWAL AND RETURN AT CYLINDRICAL SURFACE 


Case 4: Heat is periodically withdrawn from and returned to the earth in 
equal amounts at a cylindrical heat transfer surface at such a rate that the tem- 
perature of the surface varies sinusoidally with time. Here, as in Case 3, the 
earth is used as a heat storage medium rather than as a primary heat source. 

The fundamental differential equation for heat flow to or from a cylindrical 
surface in contact with an infinite solid is,? 

070 1 Chi) 


1 


By a derivation the presentation of which is beyond the scope of this paper, but 
which is adapted from McLachlan,’ and from Carslaw and Jaeger,® taking 
account also of the condition that §, = 6, sin wf, it is found that 
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and 


q = 2nabok wt + led?) +22]. am 


For the special case of heat flew zt the surface (r= a): 


= 2xa 80 sin [ + 91 (« ro (a (11) 
a 
Values of the functions Ny, do, Ny, @1, are given by McLachlan and Meyers! 
together with expansion formulas for calculating values not tabulated. The 


values needed for calculations relating to the surface of pipes of three different 
diameters and for soil of the properties assumed in previous examples are: 


DIAMETER a No (2) do (2) (2) | (2) 

3% in 0.0313 | 0.006 5.182 — 8.72° | 166.66 | 224.99° 
2 in. 0.0833 0.016 4.323 —10.47° 62.49 | 224.96° 
3.82 in. 0.1592 0.030 3.707 — 12.22° 33.32 224.89° 


Substituting these values in Equation 11, the following equations for heat 
flow rates applicable for soil of the assumed properties are obtained: 


For the % in. pipe = 1.09 (wt + (12) 
For the 2 in. pipe q = 1.31 sin + 10.43)9. (13) 
For the 3.82 in. pipe = 1.57 Oo sin (wt + 12.11)9. (14) 


where 


is the angular velocity in degrees per hour. 

These equations are plotted as the dotted curves in Fig. 8, and show the way 
in which heat flow varies as the temperature is varied according to the solid 
curve. The phase displacement between the temperature and heat flow curves 
is from 0.3 to 0.4 months as compared with 1.5 months for the planar heat trans- 
fer surface (Fig. 6), and is the less the smaller the cylinder. 

The total heat flow into or out of the earth in each season corresponding to 
one loop of the sinusoidal heat flow curve may be obtained by integrating 
Equations 12, 13, and 14 which become: 


For the 34 in. pipe 


w't = 351.29° 
W’ = 1.09 to f sin (w’t + 8.71)° d(w’t) = 3,040 6 Btu/ft . . . . (15) 
w't = 171.29° 


For the 2 in. pipe 


w't = 349.57° 
W’ = 1.31 0 f sin (w’t + 10.43)° d(w’t) = 3,665 0 Btu/ft. . . . .(16) 
w't = 169.57° 
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For the 3.82 in. pipe 
w’'t = 347.89° 
W’ = 1.57 0 f sin (w’t + 12.11)° d(w’t) = 4,380 6 Btu/ft. . . . .(17) 
w't = 167.89° 


where W’ is total heat withdrawn or returned in one year per foot of cylinder 
length. 
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Fic. 8. VARIATION OF HEAT FLOW 

RATE AT THE SURFACE OF BURIED PIPES 

OF DIFFERENT DIAMETERS WHEN THE 

TEMPERATURE AT THE PIPE SURFACE 
VARIES SINUSUIDALLY 


Earth Constants: k = 0.896, cp, = 0.45, 
p = 103, a= 0.0193 


These results are summarized as follows: 


Seasonal Heat Flow—W’—Btu/Ft.................. 30406, 366505 438005 
Seasonal Heat Flow for 00 = 40, W’s—Btu/Ft........ 121,600 146,600 174,200 


If now, as in the preceding examples, it is assumed that a temperature varia- 
tion from original earth temperature of 40 F is to be permitted, (that is, @, = 40) 
and that the total heat withdrawn (or returned) in one season is 50,000,000 Btu, 
then the indicated lengths of cylinder, L, required are, 50,000,000/W’,,, or: 


For 34 in. pipe L= 411 ft 
For 2 in. pipe nh 
For 3.82 in. pipe L = 286 ft 


The cyclic temperature variations in the soil resulting from the imposed heat 
flow at the cylindrical surface may be calculated from Equation 9. The ampli- 
tude, or maximum difference from original soil temperature, of these variations 
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will decrease rapidly with increasing distance from the cylinder as shown in 
Fig. 9, the curves being those calculated for soil of the assumed properties. It 
will thus be seen that for the case of cyclic withdrawal and return of heat, as 
contrasted with withdrawal only, separate cylinders may be located within 
short distances from each other, say 20 or 30 ft, without substantial interference. 


DISCUSSION 


When the length of an isolated straight pipe is considered for withdrawal 
only of heat over a 20-year period on a schedule of actual requirements for 
normal heating, it is clear that the length would in any case be greater than that 
required for balanced yearly withdrawal and return of heat. It is estimated that 
the length would be 25 to 50 percent greater. A new estimate of 400 to 500 ft, 
depending on the pipe diameter, is therefore reached for pipe length for heat 
withdrawal without return. This is 24% to 3 times the preliminary estimates 
of length based on heat withdrawal at a uniform rate. The corresponding factor 
in the case of a plate (or equivalent grid) is much smaller, being about 1%4 as 
noted previously. 

A re-examination of the calculations relating to continuous withdrawal of 
heat at a plate surface, Case 2, is necessary to determine limitations in their 
practical application. It should be recalled that effects of heat exchange with 
atmosphere were excluded in those calculations, and hence the results apply 
strictly to the case of a deeply buried plate (or equivalent pipe-grid). 

Such an arrangement would hardly be considered in practice, however, 
unless the extent of surface required would be less for deeply buried coils than 
for the more convenient shallow coils. It can be shown that, under selected 
operating conditions, with coils having relatively shallow ground cover, much 
or even most of the heat extracted by the coil would actually be drawn from the 
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TABLE OF SYMBOLS 


temperature change with respect to the original uniform earth tem- 
perature, Fahrenheit degrees, a variable with respect to time and distance. 
6; = temperature change at the surface, Fahrenheit degrees. 

6) = amplitude of temperature variation, Fahrenheit degrees. 

k = mean thermal conductivity of soil, Btu per (square foot) (hour) (Fahren- 
heit degree per foot). 


Cp = mean specific heat of soil, Btu per pound per Fahrenheit degree, a con- 
stant over the temperature range involved. 


e = density of soil, pounds per cubic foot, a constant. 
a = k/oecp = thermal diffusivity of soil, square feet per hour, a constant. 
q = rate of heat flow, Btu per (hour) (linear foot of cylinder). 
A = imposed constant rate of heat flow at the cylindrical surface, Btu per 
(foot of axial length) (hour). 
Q = rate of heat flow, Btu per (hour) (square foot of p'anar heat transfer 
surface). 
B = imposed constant rate of heat flow at the planar surface, Btu per (square 
foot) (hour). 
W = total heat, Btu per (season) (square foot of planar heat transfer surface). 
W’ = total heat, Btu per (season) (linear foot of heat transfer cylinder). 
T = period of complete time cycle, hours (1 year = 8760 hours). 
t = time, hours. 
w = angular velocity = 22/7, radians per hour. 
w’ = angular velocity = 360/T degrees per hour. 
a = radius of cylinder, feet. 
r = radial distance from the axis of the cylinder to a point in the soil, feet, 
a variable. 
x = distance perpendicular to the heat transfer surface, feet. 
k = 0.896. 
Cp = 0.45. 
e = 103. 
« = 0.0193 


atmosphere rather than from the earth. The extent of such coils may be some- 
what less than the 13,000 sq ft calculated for the conditions of Case 2. A con- 
sideration of shallow coils at various depths suggests, however, that not less than 
6000 to 7000 sq ft or overall coil extent would be required to supply the heat 
requirements of the small house considered, if the minimum temperature at the 
evaporator is to be not lower than 15 to 20 F, as implicitly assumed in previous 
examples. The required surface would drop rapidly with a reduction in mini- 
mum permissible temperature at the evaporator. 

It has been indicated that when the heat transfer surface is in the form of 
a plate (or equivalent planar coil) the surface required is only about one fourth 
as great for balanced heat extraction and return (Case 3) as for heat withdrawal 
only (Case 2). The relatively small surface for the cyclic case would, however, 
be obtainable in practice only if heat interchange with the atmosphere were mini- 
mized. This would require that the heat transfer surface be located deep in 
the earth. The coil might, for example, take the form of a row of vertical pipes 
driven into the earth at sufficiently close intervals to act effectively as a plate. 

While discussions of this paper have been concerned with the movement of 
heat through the soil by conduction only, consideration has been given to other 
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possible factors affecting heat transfer. Such factors as thermal migration and 
convection of liquid water and diffusion of water vapor were considered in suf- 
ficient degree to suggest that conduction is the dominant factor in heat transfer, 
except in those special locations where there is a substantial gravity flow of 
ground water near the heat transfer surfaces. 

Considering the generally favoring bias of the assumptions in this study, it is 
believed that in most cases ground coils would have to be as large as or larger 
than indicated. Since, however, even as estimated here, the extent of coil needed 
for the various cases is quite large from the standpoint of installation cost, it is 
doubted that ground coils will be an economic heat-source for general use. It 
appears, therefore, that as much attention as possible should be given to the 
study of means of minimizing the difficulties in the use of other sources, espe- 
cially air. 
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DISCUSSION 


C, W. Brown, Bloomfield, N. J. (Written): I agree with the authors’ conclusion 
that as much attention as possible should be given to the study of means of minimizing 
the difficulties in the use of other heat sources, especially air. 

My reasons for agreement are largely independent of the reasons given by the 
authors and are based on the sometimes unanswerable problems that face the applica- 
tion engineer considering the ground as a heat source. He encounters the following 
questions : 


1. What is the probable heat transfer rate of the soil? 
2. Is there rock strata that will interfere with placement of a ground coil? 


3. Will too much sales resistance be created if he asks the owner to permit digging up his lawn, 
flower garden, drive or placement of the ground coil under the foundation? 
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4. Does the customer own sufficient land area to permit placement of a ground coil large enough 
to heat the building? 
5. How much will it cost to detect and correct leaks in the ground coil? 


Since the application engineer considering air as a heat source faces none of these 
questions, he may logically prefer, and use his influence, to swing the job to air as 
a heat source. He might prefer air as a heat source because: 


1. Heat transfer rates are known when air is used as a heat source. 

2. Air is universally available. 

3. No sales resistance is created through the use of air. 

4. Leaks are in visible locations and detected and corrected by means familiar to the refrigeration 
industry. 


It is significant that at the last meeting of the A.S.H.V.E. Technical Advisory Com- 
mittee on the Heat Pump members voted to emphasize heat source investigation in the 
following order: (1) air; (2) earth; (3) solar; (4) ground water; and (5) surface 
water. 


W. A. Haptey*, New York, N. Y. (Written): The authors are to be con- 
gratulated on their paper which presents some very interesting analytical data and 
the Lord Kelvin line sink theory in a more easily used form for ground coils than 
has hitherto been available. The Heat Pump Committee of the Edison Electric Insti- 
tute has had several occasions to use line sink theory calculations, and up until now 
they have been quite laborious. 

In connection with this work it is my experience that line sink theory predictions do 
not correlate in the majority of cases with actual test results. In five experimental 
installations studied by me, the percent deviations of the temperature differences were 
as follows: +51, +82 with unfrozen soils, and —11, +101, +206 with frozen soils. 
Consideration of these findings would indicate that in special cases the line sink theory 
calculations may be useful, but in general they should be used with caution. 

It is interesting to note that in all but one case the temperature difference predicted 
by line sink theory was significantly larger than the temperature difference actually 
required. This would mean that ground coils sized by line sink theory would be 
correspondingly oversize. 

The reasons for the given discrepancies have not been adequately explored. Pro- 
fessor Coogan** indicates that it is associated with the frozen soil. There is also 
evidence? indicating that it is associated with the moisture in the soil and its movement. 

The authors state that they considered such factors as thermal migration, and con- 
vection of liquid water and diffusion of water vapor in sufficient degree to indicate 
that simple conduction is the dominant factor in heat transfer in soils. It would be 
very valuable if the authors would give the details of the studies they made in arriving 
at this conclusion as there is little information available on this subject in the 
literature at this time. 


R. C. Jorpan, Minneapolis, Minn. (WrittEN): The authors have presented a very 
interesting analysis of the limitations under which ground coils, when used as a heat 
source, are called upon to operate. They correctly indicate them as economically 
questionable when applied under the conditions outlined in the paper. They however 
purposely exclude migration and freezing of liquid water, diffusion of water vapor, 
and consideration of heat supplied from the atmosphere rather than the earth. 

In Cases 3 and 4 of the solutions presented, the ground is considered essentially 
as a medium for heat storage rather than as a heat source in itself. This concept is 
proper as the actual source of much of the feat is, either directly or indirectly, solar. 


* Assistant professor of mechanical engineerins,, Columbia University. 

** Heat Transfer Rates, by C. H. Coogan (Mechanical Engineering, Vol. 71, No. 6, June 1949). 

+ The Effect of Soil Moisture on Buried Receivers for Heat Pumps, by W. A. Hadley (Electrical 
Engineering Bulletin, Vol. 17, No. 1, January 1949). 
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Thus the problem of the correct and economical application of ground coils may prove 
eventually to be one of design for maximum solar energy recovery when the earth 
is being used as a heat source and not a heat sink. This indicates the need for further 
research into the effects of various surface and sub-surface soil treatments, the applica- 
tion of solar concentrators, and means for the utilization of the latent heat of fusion 
of different materials, including water. 

There has never been any question as to the vast amounts of solar energy available. 
The problem has been to capture reasonable portions of this heat without utilizing 
exceedingly bulky, ungainly, and hence impractical equipment. Since it is more 
efficient to absorb this solar heat at the comparatively low temperatures practicable for 
the heat pump heat sources than at the higher temperatures attempted for other 
purposes in the past, this holds some promise. Whether this can actually be done 
remains for more complete investigation, but all developments in this direction will 
paint to a more promising future for ground coils than the dubious one indicated by 
the results of the present researches. 


C, F. Kayan, New York, N. Y. (Written): The authors, in making their 
most welcome contribution, do well to advocate caution in regard to the general 
possibility of using the earth as a reverse cycle heat source. This is most important 
lest uninformed enthusiasts rush in with ground coil installations where climatic con- 
ditions are severe and heating requirements predominating, only to achieve discourag- 
ing and discrediting failure. Direct heat sources such as air offer more reliable basis 
for safe prediction of performance. 

Aside from the obvious mathematical difficulties due to non-uniformity of physical 
properties of earth and due to variation in initial temperature conditions in the region 
affected by the heat absorbing surface, the applicability of some of the available 
mathematically derived equations to this present specific problem must continue to 
be scrutinized critically. For example, would it be reasonable to assume that a vertical 
equivalent flat plate one foot wide, installed vertically to an extent of 5,000 ft, would 
behave the same as an equivalent vertical flat plate 50 ft high and 100 ft wide, or as 
another one 10 ft high and 500 ft long? And should the performance of the one-foot 
wide plate be closer to that of the separate pipes, such as the 3.82-in. tube, than as at 
present indicated ? 

It is reasonable to assume that a grid of small closely spaced pipes will act in effect 
as a continuous receiving plate. Verification for this is indicated by electric Analogger* 
panel heat flow studies by the writer. It was found that with imbedded pipes under 
steady-state conditions and with decreasing heat flux densities, the panel more and 
more tends to reach toward uniform temperature conditions. 


J. D. Kroexer, Portland, Ore. (WrittEN): An Oregonian has undoubtedly been 
requested to comment on this paper because residential heat pumps in Oregon using 
earth as a heat source have received national publicity through news services and 
coast-to-coast radio hook-ups, informing the world that these applications have been 
failures. 

There were some mis-applications following the postwar heat pump hysteria. Most 
of the Oregon firms which sprang up overnight to fill the demand—and unfortunately 
to promote it, too—are now bankrupt. A number of installations have been converted 
to oil. Yet there are also more than a simple majority of these installations which 
operated satisfactorily throughout the 1948-49 winter, Oregon’s longest and coldest 
heating season. 

This paper presents an analysis which is a very logical presentation of known mathe- 
matical formula and soil conductivities. However, some conclusions seem open to 
question, on the basis of observations in installations using earth as a heat source. 


* Heat Transfer and Temperature Distribution in a Panel with Imbedded Pipe, by C. F. Kayan 
(Refrigerating Engineering, August 1947). 
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Some of the difficulty in checking the figures derived mathematically against the 
results obtained in practice, can lie in the fact that the mathematical analyses are 
based upon conductivities, while the results obtained in practice depend to a large 
extent on transfer factors other than conductivity. Whether it is conduction or con- 
vection which actually transfers the heat from one point to another in the ground 
may be open to discussion. The fact remains that, in many soils with a 20 to 30 
percent moisture content, a heat transfer rate of 2 to 10 Btu per (sq ft) (hr) (F deg) 
is often obtained. 


Almost every engineer dealing with ground source heat pumps has gone through 
conductivity calculations to determine the amount of surface required and obtained 
an answer which made use of a ground source for the heat pump impracticable. Yet, 
there are many heat pumps operating today with ground coils having surfaces a 
small fraction of those indicated from calculations. It is also true that some of the 
ground coils do not operate satisfactorily. Where the coils have been unsatisfactory 
one or both of two conditions were found to exist. First, an absence of moisture or 
moisture movement in the soil, due either to the impervious nature of the soil or due 
to dry weather ; second, concentration of the coil in a limited volume of soil such that 
the ground froze and expanded to such an extent as to cause extensive damage. In 
all cases the amount of ground coil used was only a fraction (generally, 15 to 30 per- 
cent) of the amount indicated as required by conductivity calculations. 


A third factor which has caused trouble with ground coils in Oregon has been their 
location too far below the surface of the earth. A possible explanation of this 
phenomenon is the observed fact that, where average winter temperatures are in the 
neighborhood of 40 F to 45 F and an evaporator temperature of 20 F is maintained, 
the temperature of ground will increase 5 to 10 deg in a few days of rainy weather 
after a cold dry spell during which the entire area covered by the ground coil has 
dropped to freezing temperatures. 


There is still much to be learned about ground coils, but experience with them to 
date indicates that, in soil which allows free movement of moisture, both liquid and 
vapor, located in areas with mild, wet winters, the ground coil can operate suc- 
cessfully and be reasonably economical to install. This is true even where the soil 
is not used as a heat pump. Studies of heat pumps actually using ground coils are 
needed. Many data are being assembled on such installations and should be coordi- 
nated. Oregon Chapter A.S.H.V.E. has in progress its own unsubsidized, fully-instru- 
mented research project on one such ground coil installation on which data from a 
full year of operation should be available next year. 


Finally, the paper is a sound analysis only of conductivity of earth but not an 
anzlysis of practical application of a coil located in earth to withdraw heat therefrom. 
It will serve, too, as a means of attracting the designer’s attention to the very real 
limitations which must be considered in using dry earth as a heat source. 


E. P. PALtMATiER, Syracuse, N. Y. (WrittEN): The authors of this paper have 
presented in convenient form the following new material. First, they have shown by 
Fig. 4 and the pertinent discussion that a relatively large percentage of the total 
heat removed from the ground by a refrigerated pipe comes from considerable distance 
if there is no heat return to the earth. Second, they have presented the equations and 
by means of Fig. 6 have shown graphically the manner in which the heat flow to a 
plane refrigerated surface varies if the temperature of the surface is varied sinusoidally 
both above and below the undisturbed ground temperature which is assumed to be 
constant. Finally, in Case 4 and Figs. 8 and 9, the authors have shown the relation- 
ship between heat withdrawal and surface temperature for a single cylinder in an 
infinite mass of earth when the surface temperature is varied sinusoidally above and 
below the undisturbed ground temperature. Fig. 9 emphasizes the fact that when heat 
is withdrawn and returned in equal amounts the temperature of surrounding earth 
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remains relatively unaffected at distances much closer than in the case of continuous 
heat removal. 

These items are definite contributions to the theory of heat pump heat exchangers 
buried in the earth. The authors are to be congratulated for presenting the material 
in such clear and usable form. The principal criticism I have of the paper is that 
the authors have given the impression that the several cases presented are examples 
of the actual design of earth heat exchangers for a residential heat pump and that the 
problem is solved, and it may be concluded that a ground coil is economically 
impractical. Early in the paper they lay down a set of assumptions which they say 
corresponds to the case of a small, well-insulated house in an area where the minimum 
temperature is 0 F and the temperature deficiency is 4500 degree days per season, etc. 
In the very next paragraph, it is generally assumed for the calculations that the 
temperature of the heat transfer surface may deviate from the normal average earth 
temperature as much as 40 deg. It would seem likely that the authors had in mind 
their home city which has 4487 degree days, compared to the 4500 assumed, and a 
minimum design temperature of 0 F as assumed. According to water supply paper 
#520-F published by the U. S. Geological Survey, the ground water temperature in 
Baltimore is 57 F. Using this temperature as representative of the average ground 
temperature and the figure of 40 deg for the maximum temperature difference between 
undisturbed ground and surface, a surface temperature of 17 F is obtained. 

With a surface temperature of 17 F moisture will be frozen in the soil and under 
these conditions, | submit that the latent heat contributed by this freezing requires 
the use of an entirely different theory. Let me present here just a few figures to 
indicate why I believe some other theory other than that involving simple heat capacity 
and conduction must be used if moisture is frozen in the soil around a heat pump coil. 

The following material is extracted from unpublished studies conducted by me about 
two years ago. Let us assume a fairly moist sandy soil having the following properties : 


Density, wet = 132 lb per cu ft 

Moisture, dry basis = 20 percent 

Moisture content = 22 lb per cu ft 

Specific heat = 0.25 Btu per (Ib) (F deg) 


Let us now assume that soil of the above properties can be progressively frozen to 
a diameter several feet around a buried tube, the surface temperature of which is 20 F. 
The soil at the outer limit of freezing will be close to 32 I. The temperature gradient 
in the frozen soil will be essentially logarithmic with respect to radius if thermal 
capacity in the frozen soil is of secondary influence. Then the mean temperature of 
the frozen soil will be nearer to 32 F than 20 F. Let us assume a mean temperature of 
29 F and an initial temperature of 50 F and compare the relative values of the latent 
heat of fusion and the sensible heat which is extracted from the frozen soil. 

lor each cubic foot the sensible heat corresponding to the density of 132 lb per 
cu ft, the specific heat of 0.25 and the temperature depression of 21 deg is 694 Btu 
per cu ft. The latent heat of fusion of the 22 lb of moisture is 3,170 Btu per cu ft. 
The total is 3864 Btu per cu ft of which the latent heat of fusion accounts for 82 
percent, whereas the sensible heat accounts for only 18 percent. Of course while the 
freezing is in progress, an additional quantity of heat will be absorbed by the tube. 
This heat will have been drawn from outside the volume of earth which is eventually 
frozen. However, as the authors of this paper have indicated, this conducted heat 
must come from a considerable distance from the tube and consequently, if adjacent 
tubes are present, their interferences reduce the quantity of heat which can be obtained 
from outside the immediate vicinity of each tube. 

Fig. A shows the relationship between radius of frozen soil, loading per foot of 
tubing and hours of operation for a % in. pipe buried in soil containing 22 lb per 
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Fic. A. CHARACTERISTICS OF PROGRESSIVE FREEZING AROUND 
A SINGLE 34 IN. TUBE IN SANDY SOIL 


cu ft of moisture, neglecting entirely the sensible heat of the soil and any conducted 
heat which may come from the surrounding soil. In other words, this diagram 
embraces only the latent heat of fusion of the soil moisture and steady state conduc- 
tion from the freezing layer inward to the tube. The ordinate is the product of con- 
ductivity of the frozen soil and depression of the tube surface temperature below 32 F. 

Now if we use the authors’ figures of 4500 degree days and 75,000,000 total Btu 
per season we find that the house assumed has a maximum heat loss of 45,000 Btu per 
hr, which means that 30,000 Btu per hr must be extracted from the ground. By means 
of Fig. A with a loading of 35 Btu per linear ft of tube, we find that when using 860 
lineal feet of tube, the ice will have frozen to a radius of 28.7 in. after an equivalent 
of 1670 full load operating hours with a total heat removal of 50,000,000 Btu. The 
corresponding value of KT is 24. To find the depression of tube surface temperature 
below 32 F we must know the conductivity of the frozen soil, K. Professor Coogan 
has reported experimental values of conductivity for frozen soil in the vicinity of 1.5. 
If such a value is used for the conductivity, we arrive at a temperature difference 
between tube surface and 32 F of 16 deg. 

It seems evident, therefore, that if soil containing considerable moisture can be 
frozen, an adequate source of heat is available, at least for one heating without 
going more than 2 or 3 ft from the buried tube. We may, therefore, begin searching 
for means of reducing the temperature difference between 32 F and the surface 
temperature of the tube. When my analysis was conducted, it seemed that the cost 
of trenching for horizontal ground coils would overshadow the cost of the tube 
material so the case of two parallel tubes in the trench was studied. This Fig. B shows 
the effect of two tubes placed 6 in. apart. The ordinate in this case includes a new 
variable, M, which is the strength of the thermal sink or the number of Btu per 
(hour) (lineal foot per radian) absorbed by each of the two tubes. On this same 
chart are shown (1) the general relationship for a single tube in which case the 
abscissa is the ratio of radius of the frozen cylinder to the radius of the tube (appli- 
cable to relatively small tubes only) and (2) the relation for a single % in. tube 
in which case the abscissa is the radius of the frozen cylinder in inches. 

One of the reasons why these data were never published was that I was not too 
sure of the line sink theory as applied to this problem. You will notice that the curve 
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Fic. B. Comparison oF SINGLE TUBE AND Two TuBEs 6 IN. APART 


for the case in which two tubes are buried in the trench has a cusp which goes to 
minus infinity at the location of the tube. This is so because a line sink is assumed 
at this location and consequently the temperature gradient becomes infinity as one 
approaches the point corresponding to the tube location. In my work I assumed that 
the datum for any particular tube diameter would be at that value of KT/2M where 
the horizontal space between the two curves of the cusp is equal to the tube diameter. 
In the lower righthand side of Fig. B is a curve showing the relationship between 
tube diameter and the depression of the datum. 

These data would indicate that the single tube and two-tube curves are essentially 
parallel for values of R above about 10 in. Consequently, the percentage improvement 
is greater for smaller diameters of the frozen cylinder. For maximum diameters of 
the frozen cylinder of 2 to 3 ft which would probably be the order of magnitude for 
most economical design, the temperature depression of the tube surface below 32 F 
appears to be about 40 percent greater for a single tube than for two tubes of the 
same diameter. This comparison applies of course for the same loading per linear 
foot of trench. The loading for each of the two tubes is only half as great as that 
of the single tube. 

Returning now to the problem we find that for two tubes and a loading of 35 Btu 
per hr per linear ft of trench, we arrive at a value of KT of 16.7 or a temperature 
differential of about 11 deg instead of 16 deg which was obtained for the single tube. 

In Case 4 the authors obtained a length of 411 ft for a % in. pipe with cyclic 
withdrawal and return of heat. Using the soil freezing theory which I have described 
with a length of trench of 411 ft and two % in. tubes in the trench, I obtained a 
surface temperature of 6 F or a temperature depression of 26 deg below 32. Conduc- 
tivity of the frozen soil was taken at 1.5 as before. Obviously this is a lower surface 
temperature than would be obtained with a 40 deg temperature difference and an 
undisturbed ground temperature of 57 F. However, the pipes could theoretically be 
installed horizontally within about 6 ft of each other without serious interferences 
because the radius of the frozen soil would be approximately 42 in. The conduc- 
tion theory would indicate that the two tubes would have to be placed vertically with 
a center distance approaching 20 ft to avoid interference. 

To summarize, there are two fundamental approaches to the design of a ground 
coil for a heat pump: 
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1. The conduction theory, which recognizes the thermal capacity of the ground and 
which has been treated by the authors of this paper and others. Adequate treatment 
of this theory for horizontal ground coils involves recognition of the existence of the 
ground surface above the coils and the normal seasonal temperature variations of 
this surface. It also involves treatment of the influence of periodic heat removal and 
return, although it is very doubtful whether the theory can adequately cover such 
effects as solar radiation on the ground surface during the summer months and the 
variation in conductivity of the soil caused by the tendency of the coil to dry out the 
soil surrounding it when heat is being returned (the latter has been observed by 
several experimenters). A further complicating factor would be the effect of precipita- 
tion and the filtering of water downward through the ground from melting snow 
and rain. 

2. The freezing moisture theory in the soil would seem to be much simpler 
mathematically. lt indicates that adequate heat should be available, at least for one 
year’s operation, within a few feet of the refrigerated tube if sufficient moisture is 
present in the soil. However, the simple freezing theory which I have described 
certainly is not realistic because it does not recognize the additional heat which is 
collected by conduction nor does it take into consideration the effect of solar radia- 
tion on the surface of the ground or the flow of water from precipitation downward 
past the coil. As suggested in a publication* by Professor Coogan, the most economi- 
cal horizontal ground coil design will probably always result in some freezing of 
moisture during periods of peak heating load. 


Therefore, before engineers can proceed with confidence in the design of horizontal 
ground coils for heat pumps some more composite theory of design must be developed 
to include both the thermal capacity and heat conduction of unfrozen soil and the 
freezing of moisture in the soil. Furthermore, it would seem that this theory must 
be correlated and checked by the results obtained from quite a few full scale experi- 
mental installations. 


J. H. Carter, St. Louis, Mo.: As a simplification of the storage problem, consider 
a reservoir of water having a flywheel effect to store up enough summer heat to last 
through the winter, and vice versa. The reservoir could consist of a buried tank filled 
with refrigerating coils, building up on ice formation in winter, and melting this 
ice in summer. 


For a house of well-insulated construction, the volume of the tank must be about 
equal to the volume of the house. This may be all right in theory, but it does not 
seem entirely practicable or economical. 


AutHors’ CLosurE: As a background for a reply to the several comments, it 
appears desirable to recall the authors’ point of departure in their work which may 
perhaps have been insufficiently stressed in the paper. At the time the work was under- 
taken frequent references to the availability of earth as a high temperature heat 
source for the heat pump were appearing in the technical and popular press. A main 
purpose of the work reported in the paper was to appraise the prospect for the 
development of such a high temperature source in earth. The conclusion was that it 
is doubtful that earth will provide such a source economically for general application. 
There appears to be no reason to modify this conclusion even though, as indicated 
by certain of the comments, heat can be, and is, collected by ground coils in 
particular situations. 

In view of the requirement of general applicability, it is of secondary interest. to 
consider the ways in which the presence of moisture may affect the movement of heat 
or the availability of latent heat since, as indicated in Kroeker’s remarks, moisture 


* The Residential Heat Pump in England, by Prof. C. H. Coogan, Jr. (See Fig. 49). 
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may be unavailable in some locations or under unfavorable weather conditions. In 
any case, the presence of a high moisture content was implied by the high soil 
conductivity assumed and to that extent the calculated coil lengths are biased in a 
direction of giving values which are too low. Similarly, the assumption cf a coil 
surface temperature as low as 40 F deg below the initial earth temperature was 
intended to be extreme in the light of the consideration of earth as a relatively high 
temperature source. The purpose was again to give a conservative bias to the con- 
clusions drawn. It was not intended to suggest that actual operation at these below- 
freezing temperatures was necessarily contemplated as Palmatier very reasonably 
inferred. 

Although factors other than soil conductivity, specific heat and density were 
neglected, qualitative attention was given, as indicated in the paper, to the probable 
importance of some other influences, because of the general interest in “ground coils” 
as distinguished from the use of earth as a primary heat source. 

Considerable thought had been given, for instance, to the feasibility of utilizing the 
latent heat of freezing of water. This is discussed by Palmatier. There is, of course, 
no question that if a ground coil is operated below 32 F in moist soil, and if the 
mechanical difficulties resulting from the soil movement on freezing referred to by 
Kroeker can be surmounted, latent heat can supply a substantial or even a major part 
of the heat. A precise mathematical treatment of the flow for this case involving 
both latent and sensible heats would be very useful. Lacking such a formulation, it 
was concluded through qualitative considerations that for the case of withdrawal only 
(no return) of heat through a cylindrical surface, the length of cylinder required for 
a given heat supply would not be substantially reduced by the freezing of moisture 
below that calculated in the paper. The reason is that, even though upon ice forma- 
tion the principle source of heat is closer to the receiving surface than without ice 
formation, the resistance to heat flow, after freezing has proceeded a moderate distance 
into the soil, is not greatly different than in the absence of freezing. This is so 
because the resistance is largely concentrated in the paths near the cylinder. The 
length of cylinder for the moisture-freezing condition might be expected to be reduced 
moderately, but primarily because of the slight increase in conductivity of the frozen 
core surrounding the coil as compared with unfrozen soil of the characteristics 
assumed. It is noted in this connection that Palmatier’s calculations do not appear to 
suggest that the required length of cylinder would be significantly reduced through 
the occurrence of freezing. It is clear, however, as noted by Palmatier that, with 
freezing, a closer spacing of cylinders would be possible. It is further thought that 
freezing may be more important in determining the required extent of coil, under 
some conditions, as when heat is alternately withdrawn from and returned to the coil 
in approximate balance. The effects of the freezing of moisture merit further detailed 
study. 

Kroeker infers that the movement of heat in soil surrounding ground coils may 
depend “to a large extent on transfer factors other than conductivity,” and Hadley 
indicates an interest in the basis for the authors’ conclusion that certain factors other 
than conduction are of minor importance. It is not within the scope of this discussion 
to present these considerations in detail but they may be discussed briefly. As to 
diffusion, it is possible to make a straightforward calculation of diffusion rates from 
well-established constants assuming a concentration gradient of water vapor in air 
corresponding to saturation at temperatures to be expected at various points about 
an operating ground coil. If the vapor thus transported is assumed to be condensed at 
the ground coil, the latent heat contributed is found to be only a few percent of the 
heat flowing by conduction under the same gradient. Moreover, it does not appear 
that convection currents either of moisture-saturated air or of liquid water can be 
expected generally to contribute importantly to the transfer of heat to the coil. This 
possibility is discounted because it would presuppose an interconnected pore system of 
large extent. Published geological studies indicate that convection in porous earth 
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strata is extraordinarily slow11. Thermal migration, if by this is meant the movement 
of liquid water in capillaries under the influence of a temperature gradient as studied 
by Smith1!2, provides no mechanism for continuously moving liquid water through the 
soil and hence no means for carrying sensible heat to the ground coil. Such capillary 
movement of moisture under the influence of a temperature gradient occurs only in 
soils which are less than saturated and is a temporary effect unless by some means 
moisture is continuously removed from the under-saturated soil. Such means are not 
afforded by a ground coil. 


To discount in turn these named effects as probable substantial contributors to heat 
transfer does not, of course, preclude the possibility that by some other unnamed or 
unrecognized effect the presence of water in soil may greatly facilitate the movement 
of heat and thus account for the unpredictably high heat flow reported by Kroeker, 
Hadley and others. The course of seasonal temperature changes below the earth’s 
surface have, however, been calculated!3 with fair accuracy from data on thermal 
diffusivity of the soil alone, disregarding even the effects of rainfall and surface 
freezing. This fact may be taken as further reason to question the importance of fac- 
tors other than conductivity and diffusivity under usual soil conditions. 


It is impossible because of the lack of data to interpret reported cases of abnormally 
high heat flows to ground coils referred to by Hadley and by Kroeker or mentioned 
in the literature. It appears in some instances at least that comparison has been 
made of observed heat absorption by shallow ground coils with calculations relating 
to the extraction of heat from earth of infinite extent at average earth crust tempera- 
ure. Such a comparison is, of course, not valid and it is possible that some of the 
apparent: discrepancies may thus be accounted for. As pointed out in the paper a 
shallow coil may be designed to absorb much more heat than a deeply buried coil at 
the same temperature if the temperature is lowered sufficiently. It should be noted 
that under this condition heat entering the soil from the atmosphere currently or 
during a recent prior period is the source of most of the heat absorbed. It is obvious, 
however, that when heat flow is thus increased by lowering coil temperature the goal 
of a high temperature heat source which was once supposed to be a primary reason for 
developing earth as a heat source has been abandoned. 

The remarks of the previous paragraph may be qualified to the extent that they 
make no direct reference to the possibilities of solar energy as a heat source for the 
heat pump as mentioned by Jordan. It is, of course, physically possible by special 
devices to obtain from the action of the sun substantially higher temperatures in the 
soil or other medium than normally prevail in the winter. Much work has been done 
on such devices in various places aiming usually, however, at temperatures high 
enough for direct use for space heating. The problem is one of accomplishing this 
increased absorption of solar radiation at acceptable cost. It is frequently assumed 
that the solar heat absorbed by the soil during a particular summer is available for 
heat supply to ground coils during the following winter. It appears, however, that 
such a carryover would be quite minor for coils having no more than a few feet 
of earth cover. 

As noted by Hadley, calculations of temperature changes in soil resulting from 
the continuous withdrawal of heat along a line are greatly facilitated by the use of 
an empirical equation such as Equation 2. It appears useful to add two additional equa- 
tions which follow. Work following the completion of the paper has shown the 
possibility of representing temperature changes at the pipe surface resulting from the 
operation of heat sources of forms more nearly representative of actual practice than 


11 Convection Currents in a Porous Medium, by C. W. Horton and F. T Rogers, Jr. (Journal of 
Applied Physics, 16, 367, June 1945). 
12 Thermal Transfer of Moisture in Soils, by W. O. Smith (Transactions American Geophysical 


Union, 511, 1943). 
13 Heat Conduction, by L. R. Ingersoll, O. J. Zobel and A. C. Ingersoll. (\JcGraw-Hill, 1948, p. 52). 
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is the line source. This may be done by equations differing from Equation 2 only in 
the value of the coefficient of the second term in the bracket and the substitution of a 
for r. The cases to which these equations apply are: (A), the true cylinder source 
(heat flowing to the cylinder surface from soil both inside and outside the cylinder, 
initially at uniform temperature) ; and (B), what may be called the isothermal core 
heat source (heat flowing to a cylinder from, or to, the outside only, the temperature 
inside the cylinder being kept uniform as the temperature of the cylinder is changed). 
In case (A) the resulting temperature of the cylinder surface may be calculated by 


A at a? 


ae 
with an error of less than 1 percent for a > 2 (ie. after 3 hours with a pipe of 


3.82 in. diameter and soil characteristics as assumed). 
For case (B), the so-called isothermal core case, the resulting temperature may 
be calculated by 


A at 


with an error of less than 1 percent for = > 6 (ie., after 9 hours with a pipe of 


3.82 in. diameter and soil characteristics as assumed). It may be noted that Newman!4 
developed the cylinder source formula (although he used it in examples which more 
properly fall in the isothermal core category). Carslaw and Jaeger15 give the 
rigorous solution of the latter case. The above empirical forms bring out more clearly 
the fact that both cases converge and become identical with the line source for high 
= values. 

In the paper, certain temperature calculations were made using the line source 
formula Equation 2. It is to be noted, for example, that where times are in excess 
of about 2 days for pipes as large as 3.82 in. in diameter the results obtained with 
the line source formula differ negligibly from those obtained with the cylinder source!4 
or isothermal core source’® formulas. Hence, curves and conclusions in the paper 
are unaffected since times much longer than this form the basis of the present con- 
siderations. While these remarks might appear to suggest that the calculations from 
the line source consideration might have been dispensed with, it should be noted that 
the line source equation is needed for calculating soil temperature outside the pipe. 

It is, of course, true as pointed out by Kayan that the idealized cases assumed for 
the purpose of calculations may fail to represent exactly any practical installation. It 
does make a difference that no heat receiving grid or plate can really be infinite in 
extent and the performance of a grid of a given area would certainly not be inde- 
pendent of the dimension of the grid. It is hoped, however, that the calculations for 
the idealized cases will provide reasonable starting points from which adjustments can 
be made on the basis of practical judgment. 

Mr. Brown’s remarks are valuable as calling attention to engineering considerations 
beyond those included in the paper which effect the prospect for the development of a 
generally available earth heat source. 


14 Temperature Distribution in Internally Heated Cylinders, by A. B. Newman. (Industrial and 
Engineering Chemistry, Vol. 23, 1931, p. 19.) 

15 Heat Conduction, by L. R. Ingersoll, O. J. Zobel, and A. C. Ingersoll. (McGraw-Hill, 1948, p. 283.) 

Heat Flow in the Region Bounded Internally by a Circular Cylinder, by J. C. Jaeger. (Proceedings 
Royal Society of Edinburgh, A, 61, 223, 1942.) 
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HEAT PUMP RESULTS IN EQUITABLE BUILDING 


By J. DonaLp Kroeker*, Ray C. CHEWNINGT AND CHarRLEs E. 
GRAHAM**, PoRTLAND, ORE. 


- A PREVIOUS paper}, it was stated it is contemplated frank comparisons 
will be made between actual operating experience and costs as against those 
predicted from careful analysis during design. Such comparisons are the purpose 
of this paper. 

The Equitable Building, Portland, Ore., heat pump system, at present the 
largest in an office building in the United States, has been in operation for a 
complete year, although the building has not been fully completed or occupied 
during that period. Many requests for data on operation of this heat pump have 
been received. Complete data applicable to operation over a normal season 
coincident with normal building use are not yet available. However, sufficient 
data have been assembled to permit reliable comparisons which are not expected 
to change significantly as a result of further studies. Accurate cost com- 
parisons cannot be made at this time for reasons which will be discussed. 

The discussion of the operating results and comparisons is confined to those 
factors applicable to the heating phase, inasmuch as use of refrigeration equip- 
ment for the heating service is the only point of interest in the installation. 
Comments are also included on factors believed important in design of a com- 
mercial heat pump system. 


BUILDING AND SysTEM DESCRIBED 


A brief general description of the building and system is necessary for this 
discussion. The building, Fig. 1, is a 12-story rental office building with a plan 
area 100 ft X 200 ft for the basement, first and second floors; 60 ft X 200 ft 


* Consulting Engineer. Member of A.S.H.V.E. 

t Office of J. Donald Kroeker. Member of A.S.H.V.E. 

** Building Engineer, Equitable Building. 

1A Heat Pump in an Office Building, by J. Donald Kroeker and Ray C. Chewning. (A.S.H.V.E. 
Transactions, Vol. 54, 1948, p. 221.) 

Presented at the Semi-Annual Meeting of THe American Society or HEATING AND VENTILATING 
Enarneers, Minneapolis, Minn., June, 1949. 


345 


§ 
| 
| 
| 
| 
i 
i 


346 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


for the third through the 12th floors; a 13th set back floor approximately one- 
half the latter area; and two penthouse levels housing air conditioning and 
elevator equipment. The building is of reinforced concrete construction, with 
aluminum facing. Double-pane windows extend from column to column. The 


Fic. 1. THe EguitasLe BvuILpIne, 
PORTLAND, ORE. 


exterior pane is made of heat absorbing glass, which reduces the heat loss due 
to glass by 50 percent and the heat gain by 40 percent. 

The entire building is completely air conditioned, using an all air system to 
avoid higher first cost of a split system. The heat pump which furnishes the 
heating and cooling to the air conditioning system is composed of four diffusion- 
type, centrifugal water-chilling machines, Fig. 2. Well water is the heat source. 
Wells not being pumped are used for disposal. The temperature control for 
air conditioning and the heat pump is somewhat more complicated than ordinary. 
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A flow diagram applicable to the heating phase below 55 F outside temperature 
is presented as Fig. 3. 
System COMPLETED BY STAGES 


The building was placed in use progressively as tenants were secured and 
spaces completed for them (see Table 1). The heat pump was placed in 


Fic. 2. MECHANICAL ROOM, WITH THE FOUR HEAT PUMPS AT RIGHT AND 
THE CONTROL AND INSTRUMENT PANEL AT LEFT 


operation on January 9, 1948. For seyeral months it was operated manually 
to supply the heat necessary for pean oe plaster and to provide comfort for 
the few spaces which were at that time finished and in use in the building. By 
April 1948, automatic control for the heat pump had been placed in operation 
and recording of operating data was started. At that time the building was 48 
percent occupied. There were still some areas of the building not closed to the 
outside. This was particularly true in the first floor area where shops and 
stores were later located. Also, in April of 1948 a preliminary adjustment of 
air volumes on the supply side only was accomplished. Final adjustments of 
air volumes were not completed unti! April 1949, 
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ACTUAL OPERATING METHODS 


Operating methods varied in some respects from the usual. Following after- 
noon temperatures of 55 F or less, some heat pump capacity was provided 
throughout the night to reduce the morning pick-up load. Reducing pick-up 
load has two advantages in this installation. First, the heat pump, being less 
efficient at high condenser temperatures, could be operated at better efficiency 
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Fic. 3. FLow AND CONTROL DIAGRAM 
(When heating is greater than cooling load) 


during the pick-up period. Secondly, the pick-up period was reduced, thereby 
avoiding creation of an electrical demand which would be superimposed on the 
normal building demand and result in a demand charge under the electric tariff 
applicable. The method of operation during cold weather was as follows: 

During the night, starting at about 10:00 p.m. until about 6:00 a.m., either a 
single 70-ton machine, or, if the outside temperature was below 30 F, two 70-ton 
machines were placed on manual operation and allowed to run through the night. 
All outside air intake fans and exhaust fans, except for the toilet room group, were 
turned off. At approximately 6:00 a.m. all machines were placed on automatic opera- 
tion and outside air again supplied. This continued until approximately 6:00 p.m., 
at which time the outside air supply was turned off. The machines remained on 
automatic operation until 10:00 p.m., at which time the cycle was repeated. 

The amount of well water used as a heat source was considerably less than 
anticipated, and conditions during which exclusive interchange of heating and 
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cooling prevailed extended over a greater period than expected. On days 
during which the average temperature was between 44 and 57 F and the diurnal 
range was relatively low (a condition typical of cloudy weather operation) well 
water was required by the heat pump system and automatically injected into it 
only during the morning pick-up period. Beyond this time period the heat 
losses and heat gains were sufficiently balanced to require no additional well water 
or, at most, very little well water. Since Portland’s average winter temperature 
is 49.5 F and cloudiness is prevalent during the temperature range previously 


Fic. 4. INSTRUMENT AND CONTROL PANEL 


Showing room temperature recorders at left, pneumatic room 

thermostat adjusting switches and fan controls (in front of op- 

erator); main heat pump controls below clock; pressure and 
temperature gages; and flow meters 


indicated, the days on which little or no well water was used account for a very 
material fraction of the heating season. 


INSTRUMENTATION APPLIED 


Detailed data on operation of the heat pump were obtained for the most part 
by recording instruments, Fig. 4. Pertinent data not recorded were read and 
entered on a daily log sheet. 

Each of the three water circuits (heating, cooling, and well water) intro- 
duced into the system was provided with a recording-integrating flow meter, Fig. 
5. Air temperature recorders, accurate to one-half degree, were provided for 
outside air and five space temperatures for each of three building floors. Water 
temperatures were recorded (1) at the combined supply to and discharge from 
condensers and evaporators; (2) at the discharge of each deep well; and (3) 
in well water introduced into the system, Fig. 5. Water temperature recorders 
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were accurate to one-fifth degree. Indicating thermometers were used to check 
and verify recorded temperatures. From recorded data obtained on these instru- 
ments, heat output from the system and heat released within the building were 
computed. 


Fic. 5. FLoOw METERS AND WATER TEMPERATURE RECORDERS 


Flow meters give record of water flows from settling tank and 
in heating and cooling circuits. Multipoint recorders provide data 
on water temperature 


A temporary panel, Fig. 6, contained electrical input and demand recorders 
for the water chilling units, two for deep well pumps, settling tank pumps, warm 
water circulating pumps, and chilled water circulating units. By means of 
these recorders, data were obtained to determine power input for the com- 
ponents of the heat pump system. 

Conditions for which temperature data were not recorded continuously 
include: water entering the recovery coils; water entering the pre-conditioning 
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TABLE 1. PREDICTED AND ACTUAL PowER USE 


(TOTAL FOR COMPRESSORS AND ALL PUMPS, IN 100 KWHR) 


PREDICTED?, BUILDING 

MONTH PREDICTED*® ADJUSTED TO ACTUAL OCCUPANCY 

1940 1948-49 1948-49 (PERCENT) 
1065 1060 993 74 
1253 1135 1080 89 
909 932 930 91 
705 730 809 92 
720 1112 894 94 
689 1098 1045 95 
SER errr 627 812 705 95 


a Predicted use based upon Portland Weather Bureau Charts for 1940. 
b Predicted values corrected for degree days and hours of operation, for 1948-49. 


coils; and water leaving the pre-conditioning coils. 


However, with air volumes 


and temperatures known and with data on water flow recorded, sufficient infor- 
mation was available to determine within reasonable limits the amount of 


heating accomplished by means of waste chilled water. 


Basic ConpiT10oNs COMPARED 


Predicted power consumption and power costs were based on Weather Bu- 
reau data for the City of Portland for the calendar year 1940. This year was 
selected, because, during design, a consideration of the necessity for dehumidifi- 


TaBLeE 2. Actuat TotaLt Heat INpuT AND OuTPUT FOR SELECTED Days 


(24-hr average Mbh) 


CONDENSER | HEaT INPUT 
ITEM DaTE HEAT 
OutPuT COMPRESSORS | COMPRESSORS & 
ONLY AUXILIARIES* 
1 Jan. 20 28 2240 566 623 
2 Jan. 25 22 | 2510 623 715 
3 Jan. 26 23 2500 623 702 
4 Jan. 30 36 2000 453 510 
5 Feb. 2 34 2220 510 554 
6 Feb. 8 40 2030 398 418 
7 Feb. 16 51 1570 283 306 
8 Feb. 17 44 1658 398 442 
9 Feb. 18 36 1930 453 500 
10 Feb. 21 41 2020 458 479 


2 Deep well pumps and settling tank pumps. 
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cation required a detailed study in which hourly weather conditions, including 
dew point and dry bulb temperatures, were plotted for six months of the summer 
season. These studies showed 1940 as a critical year and provided much 
detailed data useful in cost analyses. The heating degree-days for 1940 were 
below normal. The winter of 1948-49, for which the operating data are avail- 


Fic. 6. TEMPORARY WATT-HOUR AND 
DEMAND METERS 


Record input data to heat pumps and 
collateral equipment 


able, was probably one of the most rigorous Oregon has experienced. While 
1940 had 4100 degree-days, 4900 degree-days are reported for the 1948-49 winter 
and comparisons herein are based on these values. 

The outside temperatures used in this study were Portland average daily 
temperatures. The days selected for study and computation of heat balances 
were days on which there was no sunshine. The loads shown are, therefore, 
somewhat higher than normal, since Portland’s winter days, though pre- 
dominantly cloudy, do have considerable sunshine. 

The 24-hour average temperature method for determining heating require- 
ments was considered proper because of the building lag involved in transmission 
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of heat. An example ts the transmission of heat from lights and other electrical 
input involved to the building materials, such as the ceiling or concrete floor 
slab, before it is transmitted to the air or affects the occupants of the building. 
Use of the 24-hour average temperature method takes into account and provides 
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Fic. 7. HEAT BALANCE CURVES 


some allowance for the fact that steady state conditions are practically non- 
existent. 


PowER REQUIREMENTS COMPARED 


A comparison of predicted and actual power requirements for the compressors 
or water chilling units and all pumps for eleven months of operation is shown 
in Table 1. To provide a proper basis of comparison, the predicted values, 
based on 1940 weather, have been adjusted to 1948-49 conditions and for differ- 
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ences in operating methods, as described. The latter was estimated as equivalent 
to three hours of daily additional operation for the colder weather. Power 
requirements were 5.3 percent less than adjusted predicted values. No adjust- 
ment has been made in the values for hours of operation in the months of May 
to October. 


Tasie 3. Heat BALANCE FoR SELECTED Days 


(24-hr average Mbh at average outside temperature) 


Heat Released in Building 
1 180 540 690 
2 Compressor Motor......... 283 396 510 
3 80 100 140 
4 150 150 175 
5 Bldg. Electrical Use........ 1020 1020 1020 
6 EE Ey: 245 245 245 
7 25 275 300 
8 Total Heat Released....... 1983 2726 3080 
Heat Supplied by System 
9 Pre-Conditioning Coils. ... . 125 350 475 
10 1570 2020 2220 
il Total Heat Supplied. ...... 1695 2370 2695 
Heat Balance 
12 Heat Released............ 1983 2726 3080 
13 1695 2370 2695 
14 288 356 385 


Heat BaLances ESTABLISHED 


The actual total energy input and output were computed for selected days 
from charts recorded as described, Table 2. Days selected for study were 
chosen from those having complete and unbroken records. The data are shown 
graphically in the heat balance curves of Fig. 7 and form the basis for estab- 
lishing a general graphical comparison of heating requirements and loads. 
Insufficient study of all records and data was made to establish fully the heat 
input and output curves of Fig. 7. Some data for days having lower average 
temperatures were faulty, precluding more complete analyses. The heat input 
lines are shown as curves chiefly on the basis of lowered thermal efficiencies at 
the higher supply or condenser temperatures required at lower outside tem- 
peratures. 


Heat Pump RESuLTs IN EQUITABLE BUILDING, KROEKER, CHEWNING, GRAHAM 355 


To arrive at a full heat balance, examination was made of all sources of heat 
in the building, including well water and motor equipment. Typical tabulations 
for three days are shown in Table 3. Heat gain from occupants was taken at 
33 percent of the sensible heat of actual occupants for business hours, inasmuch 
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Fic. 8. COMPARISON OF PREDICTED AND ACTUAL HEAT 
REQUIREMENTS AND LOAD 


as the consideration is on a 24-hour basis to establish average values. Other 
heat gain values were obtained from measurements. Vagrant or unaccounted-for 
losses range between 12.5 and 14.5 percent of values for total heat released in 
the building at the temperatures given. 


DETAILED COMPARISON MADE 


The comparison of heating requirements and loads on the heat pumps pre- 
dicted during design and actual conditions, as determined from the data and by 
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means indicated, is shown in Fig. 8. Except that values for cooling are shown 
only as they affect heating, Fig. 8 consists of load curves presented in Fig. 1 
of the previous paper!, upon which are superimposed data on actual operating 
characteristics. 

An important difference between predicted and actual heating curves shown 
is that the predicted curves were based on instantaneous values and the actual 
were based on 24-hour average conditions of temperature and load, as previously 
discussed. This accounts at least in some measure for the fact that the curve, 
actual average load, shows values of appreciably lower magnitudes. Similarly 
the amount of heat gained by recovery from exhaust ventilation air and use 
of waste chilled water to pre-heat or pre-condition incoming ventilation air is 
naturally of lower magnitude when considered on a 24-hour average basis. 

The slope of the actual average load curve is less steep than that predicted. 
This may be due to mixing of air in the double plenum systems used primarily 


TABLE 4. COEFFICIENTS OF PERFORMANCE 


Cc Cc & 
ITEM CONSIDERATION 
1 As operated, with credit for by-product heat... . 22.6 19.2 
2 As operated, without credit for by-product heat. 5.6 4.8 
3 Without credit for heat recovery and heating 


a Deep well pumps and settling tank pumps. 


for control purposes, particularly when the outside temperature was in the 
vicinity of 50 F, when cooling and heating loads are approximately in balance. 

The actual cooling load curve, representing by-product heat available, is 
higher than predicted. It is based on a study of the amount of electrical 
energy used throughout the building in applications other than air conditioning, 
as detailed for three conditions in Table 3. 


COEFFICIENTS OF PERFORMANCE REVISED 


The previous paper! indicated a job coefficient of performance of 14.8 as 
fantastic under usual interpretation placed on the term. Under study of day-by- 
day average temperatures from May 1948 through March 1949, the integrated 
load between the area shown as by-product heating and the actual average load 
curve plus the heating accomplished with waste chilled water, when related to 
heat input, develops the even more fantastic coefficient of performance of 22.6 
for compressors only, Table 4. Coefficients of perfort:ance on other bases are 
also shown in this tabulation. 


The heat input for auxuliaries includes only the heat equivalent of power 
used by the deep well pumps and the settling tank pumps on the basis that a 
heat pump merely replaces the conventional heating means, such as a boiler, 
and thus power required by equipment inherent in the remainder of the system, 


= 
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or the heat distributing means, is not chargeable against the heat pump. Thus, 
the warm water and chilled water circulating pumps and the fan equipment are 
not considered auxiliaries in this paper. 

The coefficients of performance presented in Table 4 are another indication, 
previously suggested, that in any complex heating and cooling system a coefficient 
of performance is without meaning in the absence of detailed specification of 
division of load and means of application. 

The justification for taking credit for by-product heating is the arrangement of 
the air conditioning system. 

Outside air was not used for the internal or minimum cooling, since to do so 
would have required equipment arrangement on each floor, reducing the rentable 
space materially, and would have required even more complex automatic control. 
Thus mechanical cooling provides by-product heat and is considered properly 
credited to the heat pump. If use of steam for heating had been planned, with 
the heat pump adapted separately for cooling, the internal cooling, or the 
minimum cooling requirement shown in Fig. 8, would have been accomplished 
with outside air, reheated as required. 


Costs Not ANALYZED 


As discussed in the previous paper!, the electric utility’s rate schedule appli- 
cable provides charges on both power consumption, and monthly maximum 30- 
min sustained electrical demands. Power consumption for each of the heat pump 
motorized elements and the total for the building were recorded, as were the 
demands for the heat pump units. However, the type of recording demand meter 
required for the building’s electrical service was not available until quite recently. 
The weather has been mild since installation of the recording demand meter, so 
there has been no opportunity for records indicating whether the heat pump 
operation superimposes a demand which will be higher than the maximum build- 
ing demand and thus be chargeable to the heat pump. Sufficient records are 
available to show that for outside temperatures ranging from 40 F upward, a 
uniform demand, higher than the building demand is created. Electrical demand 
of the heat pump for morning pick-up occurs at a time prior to building occu- 
pancy and is much smaller than normal building demand. It is quite possible, 
however, that heat pump electrical demands during colder weather will super- 
impose on building demands and create peaks higher than those of record. Since 
such demand is subject to a charge of $1.00 per kilowatt, the charge against 
heating may be material. Because such probable additional demand due to heat 
pump operation is not subject to accurate estimation, and since it may materially 
affect operation cost, although certainly not of the magnitude anticipated by the 
previous paper!, no reliable data can be reported on heating cost at this time. 
However, from indications it is quite certain that the heating cost will be 
materially less than the $0.46 per million Btu originally estimated. 


GENERAL OBSERVATIONS 


Observation of a year’s operation gives rise to comments which may be of 
interest and of some value in design or operation of a heat pump in a large 
building. 
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The heat source normally adapted will probably be well or surface water. 
Often such water is corrosive or may form accretive substances on metals. 
Water analyses should be made in all cases to determine required treatment, 
if any. For example, two wells in the Equitable Building have water which is 
slightly acid and which contains appreciable amounts of iron and of carbon 
dioxide. Corrosion has resulted and iron bacteria have caused some problems. 
Both are now under simple but adequate treatment. Necessity of treatment 
should be determined prior to application of design, since in some cases the 
cost thereof may be so high as to render application of a heat pump uneconomi- 
cal. 


One of the primary causes of corrosion from well water is the oxygen con- 
tained in the water as it is introduced into the system. Even with water which 
otherwise might be considered good water, corrosion will result if the water is 
aerated to any degree. Therefore, provision should be made to limit to a mini- 
mum the amount of air picked up by the water. This requires a type of settling 
tank which does not present a large surface of water exposed to air. It also 
requires constant pumping of the well, with modulation of volume obtained by 
the use of valves. 


The feasibility of heat recovery with the heat pump systems due to the 
quantities of water and air being handled is definitely substantiated by experience 
of operation on the Equitable Building, as is the economy of using the waste 
water for pre-conditioning incoming ventilation air. 


The importance of applying the best possible automatic control in the interest 
of operating economy cannot be over-emphasized. Because it is necessary to 
use small temperature differentials in the supply and return water and in the 
supply air, the control must be accurate and it must be flexible. Flexibility 
is required in order to maintain the most efficient conditions of operation for 
the refrigeration equipment. For example, while a coefficient of performance 
of 5 or 6 may be obtained on a basic refrigeration cycle with a condensing tem- 
perature of about 80 to 85 F, the coefficient may drop to as low as 3 when this 
temperature is raised to 105 or 110 F. The major capacity control instruments 
in any heat pump installation of over 200 tons capacity should be of the industrial 
type, with automatic reset within the instrument, if the method of control 
requires it. 


In providing for the automatic change of water circuits from one type of 
operation to another, care must be exercised in arranging the opening and 
closing of valves in sequence to prevent damage from water shock or hammer. 


Control devices should be located in a central mechanical room with the 
primary heat pump equipment, and sufficient recording instruments of various 
types should be installed. Such instruments include flow meters, temperature 
recorders, room temperature and humidity recorders, together with units to con- 
trol the outside air fans, exhaust fans, etc. With assistance of this nature, an 
intelligent operator can hold the air conditioning costs to a minimum, observe 
operation of his equipment, and know the comfort conditions in the building with 
very little additional manual help. 


The operator himself should be above the average operating personnel. He 
must have an analytical mind which can sort out and properly correlate the 
information which the recorders give. An intelligent operator properly trained 
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can save $150 to $200 a month in operating costs alone in a system the size of 
that in the Equitable Building. 


Finally, observation of the Equitable Building heat pump application has 
indicated that the carefully detailed studies of loads and methods, including 
several innovations, have paid dividends in economy of operation. 


DISCUSSION 


E. W. Guernsey?, Baltimore, Md. (WritTEN): This is a very excellent report. 
Dealing, as it does, with details of design and experience with a very large heat 
pump system, it should provide encouragement to others to consider the heat pump 
possibilities in other particular situations. 

I am wondering in how many places, a well water supply would be available in 
quantities such as used in this system and at temperatures over 60 F. Can anything 
be said as to the geology in the region of the building involved which would indicate 
whether or not there are exceptional factors which would not be generally present? 
It is interesting that the wells (as shown in an earlier paper?) at 150 ft are 5 to 8 
deg warmer than the one at 510 ft. Is there a known reason for this? 

I am not certain that my understanding of the significance of the figures in the 
first line in Table 4 is correct. I assume that, for example, 22.6 is the ratio of the 
total heat supplied, to the excess of electric energy to the compressor over that which 
would be required for cooling only, and which is therefore chargeable to heating. 
This is perhaps a useful ratio. Some would, however, hesitate to call it a coefficient 
of performance, a term which has commonly been used as an index of the effectiveness 
of a given motor-compressor combination in moving heat from a lower to a higher 
level. 


G. E. May, New Orleans, La. (Written): The electric utility has a natural 
interest in the heat pump because it converts the average compression type air con- 
ditioning system from a poor load factor problem to a good load factor and profitable 
load. Many utility engineers have followed the development of the heat pump with 
great interest and have contributed heavily toward early research efforts. 

We, in New Orleans, thought that the warm climate in this region, along with 
the many sources of high temperature water during the winter months would make 
the heat pump very practical and result in performance ratios higher than those in 
northern sections. Here, it would be a natural. But, economics play an important 
role in the selection of year-round air conditioning equipment. We found that, 
throughout many parts of the Middle South area and large adjoining regions, the 
heat pump suffered in both investment and operating cost comparison with gas 
operated year-round systems. This is due to the fact that the Middle South is rich 
in natural gas resources, where an abundance of 1100 Btu gas is available at a very 
low cost. Even where the latest steam generating techniques are employed, elec- 
tricity cannot compete with gas for such heating services. 

Another equally interesting observation in this Middle South area is the per- 
formance failure of the air to air model heat pump units. Even in small commercial 
applications, where some internal sensible heat from illumination was available, the 
heat pump failed to perform adequately when the outside temperature dropped below 
45 F. Supplementary heat was required. Tests in residential work indicated a greater 
shortage of capacity for winter heating. 


2 Director of Research, Consolidated Gas Electric Light and Power Co. of Baltimore. 
3A Heat Pump in an Office Building, by J. Donald Kroeker and Ray C. Chewning. (A.S.H.V.E. 
Transactions, Vol. 54, 1948, p. 221.) 
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On the other hand, the water to air units seem to work very satisfactorily. Deep 
wells (800 ft strata) producing 68 to 72 F water, provide the best heat source. 


E. P. Patmartier, Syracuse, N. Y. (Written): I ain sure those of you who have 
followed the previously published material on the heating and cooling system for the 
Equitable Building in Portland will agree with me that this paper is a welcome 
progress report on the operating results obtained. It is not particularly significant 
that, while the title of the paper implies that the system installed in the Equitable 
Building is a heat pump system, in fact it is not a simple heat pump system at all. 
Neither is it significant that the system is not a simple cooling or air conditioning 
system. The significant fact is that in the Equitable Building we have a fine example 
of the application of good engineering to the overall heat balance of an office building 
wherein the greatest economy was achieved by eliminating the use of fuel burning 
cquipment for heating. 

The authors refer to the refrigeration machines as diffusion-type centrifugal water- 
chilling machines. 1 would like to inquire into the origin of this terminology and 
the reasun behind it. 

I would like to have the author clarify Fiz. 7. The figure is labelled Heat Balance 
Curves. The text does not make clear what sort of heat balance is involved. If I 
were to guess, | would say that the upper line in Fig. 7 is the heat output of the 
condensers of the refrigeration machine plus perhaps the energy equivalent to the 
power put into the warm water pump. The two lower curves are clearly labelled. 
Since the ratio of corresponding values taken from the upper curve and two lower 
curves would be the heating coefficient of performance of the refrigeration equipment 
either with or without the energy input to auxiliaries, I feel that the figure should 
have a title in which the words heating COP are included. 


Table 3, titled Fieat Balance for Selected Days, is not at all clear. If this table 
is supposed to represent a heat balance on a building, where is the item for heat loss 
(or gain) from outside the building either by transmission or otherwise? Since 
there is no such item we might conclude that the 24-hour average heat transfer be- 
tween the building and outside was essentially zero in each case. If there were no 
net heat exchange between the building and outside, then it is clear how items 1 to 8 
in the upper part of the table would nearly equal the heat release from the condensers 
of the refrigeration machines, which is represented presumably by item 10. I would 
expect, however, that heat gains of the building, particularly solar heat gains, could 
be very sizable items and if they were not balanced almost exactly by transmission 
heat losses any attempt at making a balance such as is made in Table 3 would be 
met by failure. Would the authors please clarify the meaning of Table 3. 


lt would appear from the picture ot the building, Fig. 1, that the exterior walls are 
almost 50 percent glass. Considering this fact, | am surprised at the statement of the 
authors that the 24-hour average temperature method of determining heating re- 
quirements was considered in order because of the building lag involved in trans- 
mission of heat. 


Finally, in reading the paper I was very confused by Fig. 8. Some of the con- 
fusion arises from the labelling. Specifically, we find the label Actual Heating by 
Chilled Water. The upper shaded area is labelled heating By Waste Chilled Water 
(Design). The lower shaded area labelled By-Product Heating is bounded at the top 
by a dash curve labelled Actual Cooling Load. Would the authors please clarify 
whether the by-product heating which is provided by the cooling load and which is 
apparently constant below approximately 45 F outside temperature includes the power 
input to the refrigeration equipment corresponding to the cooling load. In other 
words is the value of 1.25 shown in terms of condenser heat or evaporator heat? 
If it is condenser heat, it would seem impossible to have the curve continuous with 
the cooling load curve to the right of 50 F outside temperature. If it is evaporator 
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heat, it would seem that the authors have not taken credit for as much by-product 
heating as they might possibly take credit for. 


In closing I want to say that I hope the authors will not feel that my remarks are 
intended to be critical of their work. I can well imagine the difficulty of presenting 
a clear description of the design and operation of such a complex system as that 
installed in the Equitable Building. I was honestly puzzled by the things which I 
have mentioned and I would appreciate very much if these few points might be 
clarified. 


AvutHors’ CiLosurE: With reference to Mr. Palmatier’s comments, the term 
diffusion-type centrifugal water-chilling machines was used to describe a type of 
equipment containing a centrifugal compressor discharging gas from its impeller to 
a chamber as against one which discharges to a volute scroll. 


The labelling on Fig. 7 could have been more specific. The heat output curve 
actually shows the heat output of the heat pump. The figure as a whole shows heat 
balances of the compressors only and of the compressor with auxiliaries. It would 
be incorrect to caption the figure Heating COP because the curves shown are not 
COPs, but do contain some of the data from which COPs have been calculated. An 
additional curve might be added to the figure to give the complete data from which 
COPs could be calculated. This curve would be titled, Total Heat Furnished to 
the Building by the System, and would be plotted above the heat output curve by an 
amount equal to the heating accomplished by recovery and waste-chilled water. 


Table 3 is not intended as a heat balance showing the heat required by the build- 
ing and the heat supplied to the building according to normal concepts of heating. 
It is a heat balance for the total of all sources of heat available in the building and 
the amount of that heat utilized in the heat pump. A large share of the so-called 
vagrant losses are actually used in the exterior zone to offset the heat losses directly. 
To the design engineer, the most significant fact learned from the first year’s opera- 
tion of the Equitable Building is the quantity of the various internal heat sources in 
the building. This fact is important for two reasons; namely, first, it shows the 
increasing need of year-round air conditioning for this type of building, which in 
turn makes the heat pump a desirable system if power rates and heat source factors 
are favorable, and secondly, it greatly reduces the outside heat source requirement, 
which is one of the major problems in heat pump application. The solar heat 
mentioned in the discussion is not a factor because, during heating weather, it merely 
acts to reduce quantity of heat distributed to the exterior of the building. Fig. 8 
indicates the comparison between calculated heat loads and actual heat loads. Since 
it is rather difficult to place a building the size of the Equitable Building in a device 
giving results expected from a calorimeter to determine its gain and loss of heat due 
to outside conditions, and since this was a presentation of actual measured data, 
no attempt was made to recalculate heating loads. 


The reasons for using the 24-hour period instead of hourly periods are apparent 
in consideration of the heat gain from lights, which transmits to the building materials 
and is later transmitted as a cooling load. Reference is made in this connection to 
the paper? by Professors Mackey and Gay, also presented at the Minneapolis Meeting. 


The area labelled by-product heating in Fig. 8 is based upon the cooling load 
present in the interior of the building. It does not include the compressor motor heat 
required to carry that load. The area was plotted as shown to simplify as far as 
possible this rather complicated chart. Since this procedure results in a lower 
calculated job COP, it was thought to be permissible to apply this simplification for 
clarity. 


_* Heat Gains Are Not Cooling Loads, by C. O. Mackey and N. R. Gay. (A.S.H.V.E. Transactions, 
Vol. 55, 1949, p. 413.) 
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I was gratified to see someone make as thorough a study of this paper as Mr. 
Palmatier obviously did. The fact that he did, and that others may be caused by 
our paper to hang on to British thermal units once they get them in a building, will 
more than repay us for the long hours required in coordinating the recorded data 
into a form at all presentable. 

An odd thing it is, but true, that engineers will find resistance to conservation of 
heat normally wasted in applying cooling to buildings. Just recently, in designing a 
cooling system requiring 250 tons capacity in the first stage of construction, we were 
not allowed to similarly harness the roving Btu’s because to do so meant it would be 
a heat pump job, and in our client’s conservatism the heat pump was considered a 
device too new to hazard an application. Probably we should have taken the cue 
from the first paragraph of Mr. Palmatier’s discussion and called it something else 
since, as you may have observed, wasting heat that can be economically recovered 
causes us to wince 
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No. 1370 


GROUND TEMPERATURES AS AFFECTED BY 
WEATHER CONDITIONS 


By A. B. Atcren*, MINNEAPOLIS, MINN. 


ROUND temperature data on the various soils for different climatic con- 

ditions are becoming increasingly important in many phases of heating, 
ventilating and air conditioning engineering. Some of the more recent develop- 
ments for which these data might have direct application would be (a) the 
earth as a heat source for the heat pump application; (b) the perimeter and 
ground slab loss for floor panel heating systems; and (c) the ground losses 
together with floor slab temperatures for basementless houses where other 
heating methods exclusive of floor panel systems are used. 

The tests reported in this paper were part of a two-year research project 
covering a field study on floor panel heating systems. The ground temperature 
study was made on a 110 acre plot of ground which is located at Edina, Minn., 
and which was selected as the site for a large residential building project. 

In addition to the ground temperature data, laboratory and field tests were 
made on the soil to determine its mechanical analysis, percolation or permeability 
value, moisture content, density, specific heat and conductivity. Field tests 
were made on the soil for determining its density and percolation value. The 
mechanical analysis, moisture content, specific heat and conductivity were 
determined by laboratory tests on an average sample of the soil collected at 
depths of from 1 to 3 ft. In order that representative results might be obtained, 
approximately 200 Ib of soil were examined. 

During the first year, temperatures were determined by thermocouples inserted 
in test holes drilled to a depth of 8 ft. It was evident from this study that if 
information of practical value on ground temperatures was to be obtained, it 
would be necessary to take temperatures at depths considerably below the 8-ft 
level. At the 8-ft depth the temperature variation was approximately 21 deg 
from August to May. Therefore, during the 1947-1948 year, new test holes 
were drilled and temperatures were recorded to a 16-ft depth. 


* Professor and Head of the Division of Heating, Ventilating and ee Conditioning, Mechanical 
Engineering Department, University of Minnesota. Member of A.S.H.V 

Presented at the Semi-Annual Meeting of THe American Society or dein AND VENTILATING 
Encrneers, Minneapolis, Minn., June, 1949. 
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Test Hotes DRILLED 


Ten test holes were drilled with the purpose of finding the locations in 
which the soil was approximately of uniform consistency throughout the depth 
tested. When the first several test holes were drilled, a stratum consisting of a 
mixture of silt, clay and about 60 percent free water was encountered at the 7-ft 
depths. This stratum was about 9 in. thick and was found to exist in a low 
lying area in the vicinity of a small pond. As all of the sod and brush had 


BARE GROUND 
Xs- COVERED WITH SOD 


NOTE 
THERMOCOUPLES AT INTERVALS 
OF | FOOT To & 10 FOOT 
OEPTH, THEN 2 FOOT INTERVALS 
TO & 16 FOOT DEPTH 


Fic. 1. THERMOCOUPLE LOCATIONS 
(Series X,, X,) 


been cleared away from this area, it was decided to locate one series of 
thermocouples at this point. 

This location provided ans for studying the effect of barren ground and 
also what might be callea ground surface water. The thermocouple series 
referred to as Xn in this paper was located at this point. Other test holes 
showed uniform soil consistency throughout their depth. As part of this area 
was covered with brush and a thick, matted sod, this site was selected for the 
second series of thermocouples referred to as series Xs. The two thermocouple 
series were approximately 1200 ft apart. These two conditions provided a 
means for studying the insulating effect of sod. 

A 1%-in. diameter soil sampling auger was used for drilling the test holes. 

The thermocouples consisted of 24 gage, copper-constantan wires with a 
soldered junction. The thermocouple wire was double cotton covered, enameled 
wire. 
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In order to avoid any short circuiting of the thermocouple wires due to ground 
moisture, the investigators encased each thermocouple in a small diameter, 


moisture and vapor resistant rubber tube. 


The end of the rubber tube at the 


thermocouple junction was heat sealed; each thermocouple was similarly pro- 
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tected from its junction to the thermocouple junction box. 


May 1948) 


Preliminary tests 


indicated that this procedure gave adequate protection. 
Each thermocouple series was completely assembled before being placed in the 
The thermocouple junctions were accurately spaced at measured 


test holes. 
intervals and taped together as a single unit. 


The end of the thermocouple 


assembly that was to be located at the 16-ft depth was then fastened to a slip- 
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Taste 1. Grounp TEMPERATURES 
Series X,—Bare GrounpD IN Sertss 
AuG. 1947 Sept. 1947 
Deptu BELOW 
21 2 9 18 23 30 AVERAGE 
Xa Xs Xa Xs Xa Xs Xa Xs Xn Xs Xs Xa Xs Xa 
RST et 75.0 | 67.3 | 73.2 | 68.2 | 76.6 | 70.1 | 68.9 | 64.4 | 64.5 | 58.2 | 55.5 | 70.8 | 632 56.5 
RT eet 74.7 | 62.8 | 71.0 | 64.3 | 74.5 | 67.0 | 66.6 | 62.5 | 67.6 | 59.7 | 58.4 | 69.9 | 616 56.4 
EO ee 73.1 | 60.1 | 69.0 | 62.0 | 71.3 | 64.0 | 66.6 | 61.4 | 68.1 | 59.3 | 58.9 | 68.8 | 604 57.9 
a. -| 71.2 | 57.2 | 67.9 | 59.6 | 68.4 | 61.5 | 66.5 | 60.4 | 67.8 | 58.5 | 59.5 | 68.1 | 50.2 | 59.5 
ER 68.3 | 55.3 | 65.8 | 57.3 | 66.0 | 60.0 | 65.5 | 59.1 | 66.0 | 56.8 | 59.3 | 65.8 | 578 | 60.2 
ete 64.3 | 53.9 | 62.2 | 55.7 | 63.1 | 58.5 | 62.2 | 58.8 | 61.9 | 55.5 | 59.1 | 62.3 | 56.9 | 602 
Rratreenaomen 61.5 | 52.3 | 61.7 | 54.4 | 62.5 | 56.5 | 62.8 | 54.9 | 63.2 | 54.2 | 57.1 | 62.5 | 55.0 | 59.9 
Sees 59.0 | 51.2 | 59.9 | 53.4 | 60.5 | 56.0 | 61.4 | 55.1 | 61.9 | 53.3 | 57.9 | 60.4 | 545 | 592 
_ Ek Be eS 57.0 | 50.1 | 58.2 | 52.3 | 59.3 | 54.6 | 60.1 | 54.1 | 60.7 | 52.2 | 56.5 | 59.6 | 53.5 | 585 
54.9 | 49.2 | 56.9 | 51.0 | 57.5 | 53.5 | 58.6 | 53.6 | 59.6 | 51.3 | 56.2 | 58.2 | 52.6 | 57.5 
-| 52.0 | 48.0 | 54.5 | 49.3 | 55.0 | 51.5 | 56.2 | 50.2 | 56.9 | 49.5 | 54.0 | 55.6 | 504 | 55.5 
| 49.8 | 47.0 | 51.4 | 48.0 | 53.0 | 50.0 | 54.1 | 48.6 | 55.0 | 48.2 | 53.1 | 53.4 | 49.1 | 53.9 
16.. -| 48.0 | 46.3 | 49.9 | 47.5 | 51.9 | 49.2 | 52.4 | 48.1 | 53.6 | 47.1 | 52.2 | 51.9 | 483 | 599 
Depth of snow 
on ground in. 
Mean Air Temp) 85 | 85 | 74 74 | 84 | 84 |78 |78 |60 |60 | 42 | 63.1 | 631 | 66 
Avg Air Temp 
for Preceding 
Week.......| 78.1 | 78.1 | 71.2 | 71.2 | 76.4 | 76.4 | 63.4 | 63.4 | 62.6 | 62.6 | 48.4| ... ] ... 51.3 
Percent 
Sunshine....| ... | 100] ... | 98 40 
Nov. 1947 
Deptu BELow — 
4 | 11 18 25 | AVERAGE 
| 51.2 38.4 | 42.3 | 36.8 | 39.8 | 36.0 | 39.5 | 40.8 | 432 | 
_ SER ore nee eae | 53.6 | 52.0 | 44.2 | 46.6 | 40.6 | 42.9 | 39.6 | 42.2 | 44.5 | 459 F 37.6 
Se SEE Fie wee ae: | 55.0 | 52.7 | 48.9 | 49.7 | 44.3 | 45.5 | 42.8 | 44.9 | 47.7 | 482 § 492 
RE ne hee Cer: | 55.8 | 53.1 | 51.9 | 51.9 | 47.7 | 48.0 | 46.0 | 47.3 | 50.3 | 50.1 F 433 
Ree re rere | 56.7 | 53.2 | 54.3 | §2.7 50.3 49.6 | 48.7 | 49.0 | 52.5 | S11 F 45.7 
| 57.2 | 53.2 | 55.5 53.3 | 52.9 | 50.6 | 51.0 | 50.3 | 54.2 | 518 483 
NORE ek at at | 57.2 | 53.1 | 56.0 | 53.4 | 54.1 | 51.4 | 52.7 | 51.1 | 55.0 | 523 F 49.8 
eee peer eer | 57.0 0 | 56.1 | 53.2 54.9 | 51.7 | 53.7 | 51.8 | 55.4 | 524 F 513 
SRSA ee 56.6 | 52.8 | 56.1 52.8 | 55.1 | 51.8 | 54.4 | 52.3 | 55.5 | 524 F 52.2 
10.. | 56.4 | 52.5 | 56.0 | 52.8 | 55.2 | 51.8 | 54.7 | 52.5 | 55.6 | 524 F 528 
Pee 55.3 | 51.8 | 55.2 | 52.2 | 55.0 | 51.4 | 54.8 | 52.3 | 55.1 | 519 F 53.3 
14.. 54.1 | 51.0 | 54.5 | 51.7 | 54.4 | 50.8 | 54.5 | 52.1 | 54.4 | 514 F 53.0 
| 53.2 | 50.5 | 53.4 | 51.0 | 53.7 | 50.4 | 54.0 | 51.9 | 53.6 | 50.9 F 53.0 
Depth of Snow on Ground in,| 1.8 18 | 35] 35) 3.7 3.5 
Mean Air Temp.......... 50 | 50 | 22 | 22 | 30 | 30 | 16 | 16 | 26.0 | 260} 27 
Avg Air Temp for | 
Preceding Week........ 50.0 | 50.0 | 28.4 | 28.4 | 26.3 | 26.3 | 24.1 | 24.1 | .... | .... § 16.7 
Percent Sunshine... ..... | 0 0 58 19 
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TABLE 1. Ground TEMPERATURg-AU 
Series X,—Bare GRounp 


MARCH 1948 
Deptu BELow 
wo 2 9 | 18 25 AVERAGE 6 
Xn Xn Xn Xe Xn Xs Xn Xs Xo 
ea eee 31.2 31.1 31.4 33.7 31.5 32.4 31.3 33.0 | 40. 
31.7 31.7 31.5 34.8 31.5 33.1 31.6 339 | 38. 
32.4 32.7 32.4 36.2 32.4 34.1 32.5 35.1 36. 
Ea oe 34.1 34.3 34.0 37.9 33.8 35.4 34.0 36.6 | 36. 
36.0 35.7 35.4 39.1 35.1 36.8 35.5 379 36: 
38.1 37.8 37.2 40.4 36.8 37.9 37.9 39.1 38. 
a ae 39.8 39.3 38.5 41.3 38.1 38.7 38.9 40.0 | 39. 
EF ae 40.9 40.8 39.5 42.0 39.4 39.6 40.1 40.8 40. 
RE Sa 42.1 42.0 40.9 42.9 40.5 40.4 41.4 416 41. 
Sa eee 43.1 42.8 41.8 43.8 41.4 41.1 42.3 424 42. 
Sa ee 45.0 44.4 43.6 45.0 43.1 42.1 44.0 43.5 43. 
RR ee 46.3 45.8 44.9 46.0 44.4 43.1 45.3 445 45. 
47.4 46.9 46.0 46.3 45.6 43.5 46.5 449 46. 
Depth of Snow 
on Ground in. .. 8.3 7.4 0.0 0.0 0 
Mean Air Temp...) 24 0 38 38 | «54 34.0 | 27.3 | 273 
| 
Avg Air Temp for | 
Preceding Week.| 27.1 18.4 21.1 21.1 | 34.3 34.3 ee aon 40 
Percent Sunshine..| .... | 5 | 80 66 


ring arrangement at the end of a 20-ft length of steel rod, 3 in. in diameter, 
and pulled taut. The rod was inserted into the test hole to the required depth, 
and the test hole was filled with earth and carefully tamped at intervals. Finally, 
the steel rod was removed. 

Fig. 1 shows the thermocouple locations and the ground thermocouple junction 
box. Thermocouple readings, taken by a manually operated potentiometer, were 
read weekly for the period from August 1947 through April 1948. 


Sop Provipes INSULATING EFFECT 


Ground temperature readings, depth of snow on the ground, mean air tem- 
perature, average air temperature for the preceding week and percent of sun- 
shine are shown in Table 1. The insulating effect of the scd is quite apparent. 
The average temperature difference between the two thermocouple series for the 
month of September was 7.6 F at the 1-ft depth and progressively decreased to a 
3.6 F temperature difference at the 16-ft depth. 

During the period between September 1947 and April 1948 the series Xn 
thermocouples was more readily affected by the air temperature than was the Xs 
series. This was undoubtedly due to the insulating effect of the sod on the 
X;. series. Likewise, for the 1947-1948 season, the frost line depths for the Xx 
and Xs series were about 3 ft and 1 ft, respectively. This should not be 
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Aucust 1947 to Aprit 1948 (concluded) 
Series X,—GROUND COVERED WITH SOD 


APRIL 1948 

6 13 24 30 AVERAGE 

Xa Xn Xs Xn Xs Xn Xs Xn Xs 
40.7 43.5 41.4 53.5 49.0 54.9 50.8 48.2 47.1 
38.4 40.4 40.5 50.0 45.6 54.2 49.7 45.7 45.3 
36.5 39.7 40.0 46.9 43.4 51.6 47.8 43.7 43.7 
36.2 39.0 39.8 44.6 42.0 49.0 45.9 42.2 42.6 
36.9 38.8 39.8 42.9 41.4 46.8 44.6 41.3 41.9 
38.0 39.0 40.2 41.7 40.8 44.8 43.8 40.9 41.6 
39.2 39.5 40.4 41.1 40.8 44.3 43.3 41.0 41.5 
40.2 40.2 41.0 41.1 40.8 43.7 43.0 41.3 41.6 
41.2 40.5 41.4 41.2 41.0 43.4 43.0 41.6 41.8 
42.0 41.5 41.9 41.7 41.4 43.5 43.0 42.2 42.1 
43.7 43.2 43.2 42.8 42.3 44.2 43.4 43.5 43.1 
45.0 44.6 44.2 43.8 43.0 45.0 44.4 44.6 43.9 
46.0 45.7 44.7 45.0 43.6 46.0 45.0 45.7 44.4 

0 0 0 0 0 0 0 
40 48 48 68 48 48 50 50 
40.3 43.9 43.9 55.7 55.7 57.3 57.3 

100 72 0 62 


interpreted as the maximum frost line depth for this locality; for during the 
1947-1948 season, air temperatures below zero degrees were infrequent and 
temporary when they did occur. 

The test data for the X, series from Table 1 are shown in graph form in 
Fig. 2. Ground temperatures at the 1-ft level lag approximately three weeks 
behind the air temperature, but have approximately the same characteristic 
curve. ‘he temperature at this depth varied from 76.6 F on September 9, 
1947 to 24.8 F on February 20, 1948. As temperatures were read weekly, the 
curves of Fig. 2 do not necessarily represent the maximum or minimum tem- 
peratures that occurred during the test period. 

Fig. 3 shows the ground temperature variation for the Xs series from August 
1947 to December 1947. Although these temperatures are consistently lower due 
to the insulating effect of the sod, they follow the same general characteristics 
as the curves of Fig. 2. 

Fig. 4 shows the monthly variations in ground temperatures for 1947-1948. 
Average monthly temperatures were used in plotting the curves and therefore 
are not the lowest recorded temperatures for the various dépths. The variation 
at the 1-ft depth was from 75 F to 27.4 F and at the 16-ft depth from 53.6 to 
45.7 F. 

If the ground were to be used as a heat source for a heat pump installation 
and a continuous heat source temperature of 45 F were required, the curves 
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indicate that it would be necessary to go down to a depth of 14 ft before this 
condition could be obtained. Some indication of the time lag for this soil can 
be obtained from these curves. The maximum effect of the air temperature 
during August does not occur until November at the 16-ft depth—a time lag 
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Fic. 3. GROUND TEMPERATURES AT DIFFERENT DEPTHS 
(Avcust 1947 to DecemBER 1947) 


of three months. Likewise, the minimum temperature due to lower air tem- 
peratures does not occur until April. 

The curves of Fig. 5 show the minimum winter ground temperatures, the 
maximum summer ground temperatures, and the average ground temperatures 
at the various depths for 1947-1948. The plotted test points show a reasonably 
smooth curve. If these curves are extended it will be noted that they tend to 
approach a common temperature. At the 28-ft depth the difference in tem- 
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Al 
month | MEAN 
may | 53.5 
| 64.6 
JULY 728 
aus. | 702 
sept. | 63.1 
= 
oct. | sez 
3 nov. | 26.6 
vec. | 17.7 
van. | 10.0 
Fes. 15.6 
mar. | 27.3 
apr. | 50.0 
50 OUTSIDE AIR 
TEMPERATURE - *F TEMPERATURES 


Fic. 4. MONTHLY VARIATIONS OF GROUND TEMPERATURES 
1947-48 


perature between minimum winter and maximum summer is approximately 
two degrees. The average temperature at this depth is about 50 F. This 
appears to be both consistent and reasonable as the temperature of the Artesian 
water supply in this locality is between 48 F and 50 F. 

Although the test data included in this paper deal only with one soil, an 
analysis of the classification of various soils would indicate that for practical 
purposes moist soils could be included in the following general classifications : 


1. Sandy soils: soils with 50 percent or more of sand and gravel content (particle 
size is larger than 0.05 milimeters). 
2. Silt and clay soils: soils containing less than 50 percent sand and gravel. 


The soil referred to in this paper would come under the general classification 
of silt and clay soils. 


TABLE 2. Test REPORT ON SOIL SAMPLE® 


SAMPLE 1 SAMPLE 2 

Mechanical Analysis Percent 

Physical Constants Percent 
Moisture, field conditions. ... . 23 26.1 
Density, field conditions... ... 118.2 Ib per cu ft 108.4 Ib per cu ft 
Density, dry basis........... 96.1 Ib per cu f 86.0 Ib per cu ft 
Specific gravity.............. 2.64 2.65 
ees 5 min 6 min 


a Tests conducted by Prof. Miles S. Kersten at the Engineering Experiment Station, University 
of Minnesota. 
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Fic. 5. DIFFERENCES IN GROUND TEM- 
PERATURES 1947-48 


The ground temperatures reported would not be of much practical value 


without additional information on the soil itself. 


To obtain this information, 


both laboratory and field tests were made. Two samples of soil were examined: 
Sample 1 taken between a 2- to 3-foot depth; and Sample 2, taken between the 
1- and 3-ft depth. Results are reported in Table 2. 

For the conductivity tests, the average dry density of the two soil samples 
was used. The soil to be tested was first mixed to the desired moisture content 


and then compacted into the container at the desired density. 


TABLE 3. Resutts oF Conpuctivity Tests? 


The containers 


Mean k 
93.0 1.23 | 70.3 2.23 
93.0 1233 40.1 2.16 
93.0 1230 24.9 2.14 
93.0 1.23 -19.9 2.15 
5. 92.4 16.70 70.1 9.14 
wis 92.4 16.70 40.1 8.78 
92.4 16.70 25.1 11.17 
92.4 16.70 —19.9 10.97 
g.. 92.4 23.0 | 70.0 11.00 


a Tests conducted by Prof. Miles 8. 


of Minnesota. 


Kersten at the Engineering Experiment Station, University 
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Fic. 6. DIAGRAM OF THERMAL CONDUCTIVITY FOR SILT AND 
CLAY UNFROZEN SOIL (MEAN TEMPERATURE OF 40 F. DeE- 
GREE OF ACCURACY +25 PERCENT) 


were sealed at both bottom and top to prevent loss of moisture. Table 3 gives 
the results of conductivity tests. 

The test results indicate that the thermal conductivity of the soil above the 
freezing temperature increased only slightly with an increase in mean tem- 
perature for constant density. Likewise, for a moisture content up to 16 percent, 


FROZEN, MEAN! TEMPERATURE 29° F 
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Fic. 7. DIAGRAM OF THERMAL CONDUCTIVITY FOR SILT AND 
CLAY FROZEN SOIL (MEAN TEMPERATURE 25 F. DEGREE OF 
ACCURACY +25 PERCENT) 


= 


374 TRANSACTIONS AMERICAN SociETY OF HEATING AND VENTILATING ENGINEERS 


the thermal conductivity does not vary appreciably in a mean temperature 
range of from +25 to —20 F. For the low moisture content (2 to 9 percent) 
the conductivity is lower below freezing than above. With an increase in 
moisture content the conductivity is higher below freezing than above. It is 
also interesting to note that the conductivity of frozen soil decreases with a 
decrease in mean temperature. 

Figs. 6 and 7 have been included in this paper because they present extensive 
information on the thermal conductivity of silt and clay soils. The material 
is part of the results of an investigation to determine the thermal properties of a 
variety of soils'. The work has been performed by the Engineering Experiment 
Station of the University of Minnesota for the St. Paul District, Corps of 
Engineers, U. S. Department of the Army. The curves of Fig. 6 present infor- 
mation on the thermal conductivity of unfrozen silt and clay soils tested at a 40 F 
mean temperature, while those of Fig. 7 are for frozen silt and clay soils tested 
at a 25 F mean temperature. 


CONCLUSIONS 


An analysis of the conductivity test results indicates that the thermal con- 
ductivity of the silt and clay soils varies as follows: 


1. At a constant moisture content, it increases with an increase in dry density. The 
rate of increase is fairly constant and is independent of the moisture content. 


2. At a constant dry density, it increases with an increase in moisture content. 
3. For the unfrozen soil, it increases with an increase in mean temperature. 


4. The frozen soil at low moisture content shows very little change; in general, 
for soils of high moisture content it shows an increase for a decrease in temperature. 


5. When changing from unfrozen to frozen soil, the conductivity varies according 


to the moisture content. For dry soils, it does not change; for soils of low moisture 
content, it decreases; and with soils of high moisture content, it increases. 


Although it was not considered within the scope of this paper to make applica- 
tion to the published mathematical theory underlying heat conduction in the 
ground, a brief check indicated a close correlation between the calculated results 
based on test data and the results obtained by mathematical analysis. Additional 
information on thermal conductivity, density, specific heat, specific gravity and 
diffusivity of some nineteen different soils is available?. 
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DISCUSSION 


R. S. Ditt, Washington, D.C. (Written): The data reported in this paper are 
interesting and useful indications of what kind of underground temperatures can be 
expected in the Minnesota climate. In my view, however, the work, for complete- 
ness, merits extension to other regions and to more than one season in a single 
locality. 

The paper states that ground temperatures at the one-foot level, lag approximately 
three weeks behind the air temperature and have approximately the same characteristic 
curve. This undoubtedly was indicated by the data gathered but it is due, I believe, 
to the period of observation which was, in general, on the order of one week between 
readings. Data presented in National Bureau of Standards Building Materials and 
Structures Report No. 103 (Measurements of Heat Losses from Slab Floors, Gov- 
ernment Printing Office) show that earth temperatures at the one-foot level follow 
air temperature changes within a couple of days when the temperatures are read 
once per day or more often. 

Air temperature changes are like waves on a sea; there are long rollers on which 
there are waves and on which, in turn, there are ripples. Likewise, in air tempera- 
ture there is the annual cycle which is -predictable within limits. Also, there are 
monthly, weekly, daily and hourly changes which are not predictable with certainty 
except that night temperatures are expected’ to be lower than day temperatures. So 
far as earth temperature at a particular point and time is concerned, one governing 
factor is the average air temperature for some period preceding the instant of ob- 
servation. A short, sharp cold snap may not have as much influence as a longer 
period of moderate cold. This suggests that earth temperatures might be better 
correlated with degree days, or something similar, rather than air temperatures. 
Also, the incidence of solar energy is obviously influential and I believe it could well 
be discussed in a paper on this subject. 

At these shallow depths it is doubtful that conditions are materially affected by 
earth heat. This is indicated by the existence of permafrost or eternal ground-ice 
in arctic regions. The inference is, therefore, that the ground temperature at shallow 
depths is governed by heat transfer to and from the surface. The author’s attention 
to the possible influence of sod or vegetable covering is therefore justified, while it is 
noteworthy that the effect of snow as an insulator is ignored. In fact, the unit of 
measurement for snow depths is not given, and a reader is in doubt whether the snow 
attained depths of 7 or 8 in. or 7 or 8 ft. Snow or another insulator on the surface 
would be expected to make vertical temperatures more nearly the same. 

Another effect which the author might consider when space permits is that of the 
latent heat of the water in the earth. If damp earth is cooled by extracting heat at 
a constant rate from above to below the freezing point, a plateau would be expected on 
a temperature-time curve indicating a pause in the temperature drop while the latent 
heat of fusion is extracted. Fig. 2 indicates that freezing weather commenced about 
the middle of October and plateaux are evident for several depths shortly thereafter. 
Early in January, the ice layer reached the 1-ft level and a sharp temperature drop 
then occurred at that point. This was followed by a rapid rise as the weather warmed 
and another plateau indicating an absorption of latent heat as the ground thawed. 

It should be remembered that earth temperature alone is not sufficient for heat 
pump coil design. If a coil were installed and heat extracted in the location and 
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at any depth considered, freezing temperatures around the coil could be expected 
shortly after or even before the air temperature descended to freezing. The evapora- 
tor temperature should not be assumed equal to the earth temperature indicated by 
the data. 

The data given on earth conductivities will answer a long-felt need and the author 
certainly deserves our thanks for gathering the information which the paper con- 
tains on sub-soil conditions. 


J. D. Kroexer, Portland, Ore. (WrittEN): The march of temperatures shown 
are of value in a general consideration of the thermal problems encountered in both 
panel heating and ground source heat pump work. The conclusions seem reasonable 
and are basic for any consideration of thermal properties of the soil. 

The project is encouraging in that it indicates that work is being done in a field 
where so little is actually known, but its greatest use can be in showing the necessity 
of standardization in the methods and details used in research work along this line. 
For example, it is possible that the soil classification referred to in the paper is 
over-simplified. The Casagrande or Army method of classification, used by some 
other investigators, would seem more definite and flexible. Translation of soil 
classification to such standard method is suggested to the author in further studies 
and for consideration of others reporting studies on earth as a heat source. The 
article did not specifically state whether there was any attempt to maintain the 
original physical properties of the soil in making laboratory tests for thermal con- 
ductivity. This should be done. 

Experience with ground coils in some localities has indicated that it is not de- 
sirable to bury the coil at the depth of the highest average ground temperature, as 
was stated in the body of the paper. it has been found that recovery of the soil 
is too slow when coils are deep. In Oregon where the average winter temperature is 
about 49 F and the average well water temperature, corresponding to steady state 
levels, is about 55 F a depth of about 4 ft below the surface seems to be most 
favorable. 


E. P. Parmatier, Syracuse, N. Y. (Written): In Fig. 3 was the marked dip 
in temperature, which is indicated for depths of 16 ft up to about 9 ft about Sep- 
tember 20, correlated with any of the known factors affecting these temperatures? 
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No. 1371 


PERMEANCE MEASUREMENT IMPROVED 
BY SPECIAL CELL 


By F. A. Joy* anp E. R. Queer**, State Couvece, Pa. 


HE PROBLEMS of humidity in their relation to comfort, process, or 

storage are a major concern of air conditioning engineers. Packaging engi- 
neers choose envelope materials which retain moisture in bread and exclude it 
from salt, and the packaging of living spaces is being given more attention. 
Fundamental to these considerations is the rate of moisture transmission through 
materials—paper, paint, wood, etc.; the determination of this rate for each 
material, i.e., its permeance, is the first step in solving such problems. 

On a basis of unit time, unit area and unit vapor pressure difference, the rate of 
water vapor transmission through any specific thickness of a material is its permeance. 
Another term, permeability, has frequently been used in this application but such use 
is unfortunate. Permeability should be applied only to a unit thickness of the material, 
and when so used it becomes a distinguishing characteristic of the substance—one of 
its physical properties. As an illustration, the permeance of a wood plank is only a 
small fraction of the permeance of a shaving cut from it, yet their permeabilities are 
the same. This use of terms is consistent with the established practice in the thermal 
field where conductance relates to a particular piece of material or combination of 
such pieces. Conductivity relates to a unit thickness of a material. In electricity a 
similar use of terms has also been established. Likewise, the vapor resistance of a 
specific piece of material is the reciprocal of its permeance, just as resistance to heat 
transmission or electricity is the reciprocal of conductance. Resistivity to water vapor 
is the reciprocal of permeability and likewise applies to a unit thickness of the 
material, just as the same term is applied in the other fields. 


MetTuHops oF MEASUREMENT 


Many devices have been used for the measurement of water vapor trans- 
mission. The smaller sizes are usually called ’aper transmission cells or simply 
cells and in their simplest form consist of a cup or dish over the top of which 
the specimen is sealed. If the cup contains water, and is placed in a dehumidified 
space, the method is called the wet method. If it contains a desiccant, and the 


* Associate Professor of Engineering Research, The Pennsylvania State College, Engineering Experi- 
ment Station. Member of A.S8.H.V.E. 

™ Professor of Eoeeutys rm, The Pennsylvania State College, Engineering Experiment 
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Presented at the Semi- al Meeting of THe American Socrery oF HratinG AND VENTILATING 
Enorneers, Minneapolis, Minn., June 1949. 
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surrounding space is humidified, it is called the dry method. In either case the 
vapor transmission through the permeable specimen is determined by periodic 
weighing of the cell. 

Many variations of these basic designs have been developed differing in size 
of the specimen and the manner of its attachment to the top of the cup. Sealing 


Fic. 1. WATER VAPOR TRANSMISSION CELL—MopeEL 1 


with waxes is most common but pressure seals are also used. Air circulation 
over the external surface is usual and it has sometimes been attempted within 
the cell. 

Four tentative standards have been approved by the American Society for 
Testing Materials. D988-48T, aiso known as the Tappi Method, applies to paper, 
paperboard, and other sheet materials and is essentially a dry method. C214- 
48T, applicable to vapor seals up to % in. thick, used in connection with thermal 
insulation, approves either the wet or dry method, with the warning that the 
results should not be compared. 

Ali such methods are naturally isothermal, the vapor pressure difference 
across the specimen being due to the difference of relative humidity inside and 
outside the cell. Other devices have been developed which provide a tempera- 
ture difference across the specimen. They are applicable to thicker materials 
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and are naturally of larger dimensions and less simple. They apply especially 
to the testing of building materials for which a temperature difference is the 
normal service condition. 

An outstanding feature of the many methods in use is the disagreement of 
their results. This disagreement is especially evident when results obtained by 
the wet and dry methods are compared and therefore a statement of the method 
used is necessary. Accumulating evidence indicates that the rate of water vapor 
transmission through some specimens depends not only upon the vapor pressure 
difference, but also upon other factors such as relative humidity and temperature, 
as well as air movement over the surfaces. 


To overcome some of the limitations of the simpler methods and especially 
to provide a means for testing thicker specimens, a project at the Engineering 
Experiment Station of The Pennsylvania State College was initiated in 1944. 


DovusLe Cup CELL 


At the outset it was decided that the apparatus should combine the good 
features of both wet and dry methods, using two cups between which the speci- 
men could be sealed. This arrangement, while still requiring constant ambient 
temperature, eliminates the need for humidity control of the atmosphere sur- 
rounding the cell. It greatly reduces the problems of entrance into and neces- 
sary work within that space, or the alternative of remote handling of cells for 
weighing purposes. 

On the other hand, the double cup cell presents other weighing problems. No 
longer is the changing weight of the whole cell a measure of water vapor trans- 
fer. In the new arrangement there is no change in weight of the whole cell. 
Instead, it is necessary to provide within one cup or chamber (as hereafter 
designated) a water pan, and within the other, a desiccant pan. 

The loss in weight of the water is the weight of moisture entering the specimen, 
and the gain in weight of the desiccant is the weight of moisture leaving the 
specimen!. If the specimen is hygroscopic, these weight changes will not at 
first be equal while the specimen is adsorbing or giving up moisture in an 
approach to equilibrium, or a steady state condition. When a steady state is 
established, the water loss and the desiccant gain are equal. 

The equality of inflow and outflow rates as an indicator of a steady state is 
fundamental to this test method. Inequality, on the other hand, has two possible 
interpretations: (1) a steady state is not reached, or (2) the cell is not tight 
and moisture is entering or leaving the cell?. The opportunity to make two 
separate determinations of the weight of water vapor transmitted is a unique 
feature of the two chamber design and possesses marked advantages in the 
detection of errors in data or malfunctioning of the apparatus. 

Accompanying these manifest advantages is the problem of weighing the 
water and desiccant pans periodically without removing them from their respec- 
tive chambers. In the first preliminary design (Fig. 1) this problem was solved 


1 This statement is not quite true during the first hours of a test while the chamber walls are 
adsorbing or giving out moisture in their approach to an equilibrium with the adjacent atmosphere. 

2 A third possibility is a variation of No. 2, namely: that moisture is condensing on the chamber 
surface—an eventuality in the wet chamber at high relative humidity. A fourth possibility—chemical 
reaction—is eliminated by constructing the cell of non-corrodible materials. 
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by suspending each pan (actually a set of 4 pans) from a rod entering the 
chamber through a rubber bellows. At the top end, each rod was hooked for 
attachment to an analytical balance movable on suitable rails to allow accurate 
positioning above each of its loads. The rubber bellows was promptly found 
unsatisfactory, however, as it reduced the precision of weighing and was not 
impervious to water vapor. A liquid seal was also tried using kerosene but its 
buoyancy and evaporation were objectionable. 


Fic. 2. WATER VAPOR TRANSMISSION CELL—MOopEL 2 


A feature also attempted in this first model was the periodic weighing of the 
specimen itself as a further check on its water adsorption. Flexible plastic 
sleeves attached the specimen ring to each chamber as shown in Fig. 1, but 
for the same reasons that had discredited the rubber bellows this arrangement 
proved impracticable and the attempt to weigh the specimen was abandoned 
in later models. 

In the second preliminary design, Fig. 2, a new method of weighing was used. 
Each set of pans was supported by calibrated iso-elastic springs enclosed within 


A 
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a glass tube which formed an extension of the chamber, sealed at the top. The 
helical springs were arranged in pairs, one being wound opposite to the other so 
that their stretching produced no rotation of the load. This was necessary since 
the link between load and spring was a graduated scale whose position was sighted 
with reference to the crosshair in an externally mounted microscope. A change 
in the scale position could be converted to weight by means of the spring constant 


Fic. 3. WATER VAPOR TRANSMISSION CELL—MOopEL 3 


which was 770 grains per inch. The specimen as shown in Fig. 2 was clamped 
between the wet and dry chambers with wax used to seal each face to its adjacent 
chamber and also to seal the rim of the specimen which was otherwise exposed. 
Some edge leakage was promptly indicated and required correction, but this 
model was a long step toward a satisfactory design. ; 

The next design, Model 3, is shown in Fig. 3, and in the sketch (with a few 
adjuncts and separated chambers) in Fig. 4. Twelve such cells have been built 
and are being used with satisfaction especially in the testing of vapor barriers. 
The improvements provided in this design include: (1) a steel band enclosing 
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the specimen, (2) heavier and longer springs, (3) larger specimen area, (4) 
means to measure relative humidity in each chamber, (5) table support, and 
refinements. 

The chambers are brass castings having glass windows gasketed with neo- 
prene. The specimen is fitted and sealed within a 12 in. diameter steel ring 
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which may be of any desired width to accommodate a thick or thin specimen. 
The ring edges are machined, and the ring rather than the specimen provides the 
contact surfaces when the test assembly is clamped between the two chambers. 

The glass columns enclose springs that combine a high initial loading with 
a satisfactory spring constant, 1952 grains per in., and a load carrying capacity 
of 34% lb. The importance of high load capacity applies especially to the dry side 
and will be discussed later. 
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Through the cell window in Fig. 3 is seen the desiccant container, made of 
aluminum with perforated sides. Fig. 4 shows the water containers—two 
shallow glass dishes stacked one above the other to provide a water area of 
18 sq in. Glass permits the use of saturated salt solutions, the choice of salt 
providing a means of adjusting in a limited range the wet side relative humidity. 
An adjustable tripod and an adjustable microscope holder for each chamber are 
provided. 


DETERMINING VAPOR PRESSURE* 


Means for determining the vapor pressure in each chamber are important 
additions shown in Fig. 4. At the rear is fitted an electric hygrometer element 
and at the front is a dew point cup built into the up-facing branch of a 2 in. 
pipe tee. The cup is supported in an adapter made of ¥% in. plate lucite, a 
material which provides the necessary heat isolation for the cup and good vapor 
integrity for the chamber. In the front of the tee, a window is fitted for observa- 
tion of the polished cylindrical cup. Plate lucite is again used for easy machine- 
ability and fitting into the pipe threads. 

The dry side dew point cup is usually cooled by dry ice in an alcohol bath 
while the wet side usually requires only the insertion of a chilled metal rod into 
the water it contains. The bath is allowed to remain in each cup between 
observations but both cups are stoppered. Avoidance of evaporation from the 
wet side cup is especially important since its lowered temperature is apt to 
produce a continued condensation within the cell. 

In the set-up of a test it is desirable to test the tightness of the closure to air 
press ire. A stop cock in each chamber and suitable rubber tube fittings provide 
a means for raising the pressure (with a hand pump) in both chambers simul- 
taneously to about 1 in. Hg. Experience indicates that absolute tightness is 
not important but gross leakage should be avoided. 

This design has been used with satisfaction in the tests of many specimens, 
such as sheet vapor barriers for building construction and paint coatings, whose 
permeance (under the test conditions) was less than 5 grains per (square foot) 
(hour) (inch of mercury), or 5 Perms. 

If the specimen has a higher transmission rate, the vapor resistance of the 
air paths from the water surfaces to the test panel on the wet side and from 
the panel to the active desiccant on the dry side, constitute too large a portion of 


* The weight of water vapor transferred through a particular piece of material is 
undoubtedly proportional to its area, and to the time duration of the transfer, but it is 
frequently not proportional to the vapor pressure difference across the panel. Never- 
theless, the practice of relating vapor transfer to vapor pressure difference is well 
established and useful. When expressing permeance in grains per (square foot) (hour) 
(inch of mercury) it is important to note that the number so obtained is a measure of 
permeance in the particular situation. If the situation involves a pressure difference 
not 1 in. Hg, the description of the measurement does not imply that this number of 
grains would be the weight of vapor transferred if the pressure difference were 1 in. 
Hg. The validity of such an implication would require that the permeance be constant 
which, for many materials, it is not. 

In any event, this unit one grain per (square foot) (hour) (inch of mercury), 
although convenient to use, is a bit unwieldy to write or talk about, and it is therefore 
proposed that the brief designation Perm be the name applied to it. This name has 
been used in the text. 
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the whole resistance. As a result the vapor pressure is not uniform over the 
whole surface of the specimen on either side, and its measurement is uncertain. 
Another limitation, significant only in the testing of a specimen of higher 
permeance, is one which is characteristic of the dry method. Since the vapor 
pressure in the dry chamber rises steadily as the desiccant adsorbs water, a 
steady state for hygroscopic specimens is technically unattainable. This rise, 
however, is minimized by the use of a large effective quantity of desiccant. 
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Moreover, the slight rise that occurs in the testing of specimens of low perme- 
ance such as vapor barriers or painted panels may properly be ignored. 

These facts are illustrated in the following examples which are actual tests 
made with the Model 3 cell. In Fig. 5 is shown the plot of data taken in the 
test of a vapor barrier paper—a duplex paper with an asphalt center. The 
daily scale readings (in thousandths of an inch) have been converted to weights 
using the spring calibration, 1952 grains per inch of deflection, and the results 
plotted as water evaporated and desiccant gain. The points lie very close to 
straight lines, the departure being rarely in excess of two grains which is the 
practical limit of scale readability. 

At the start, the divergence of these lines indicates that an amount of about 
12 grains of water vapor has been adsorbed by the paper and the water chamber 
walls in their approach to a steady state. The amount given up by the dry 
chamber walls and the adjacent side of the specimen (and picked up by the 
desiccant) is either too slight to be indicated or has already occurred before the 
first reading. As drawn, these lines are not quite parallel, but the divergence is 
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only two grains in 44 days. The slowly increasing relative humidity in the dry 
chamber is a very slight factor but most of this two grain difference may be 
considered leakage. In either case, its magnitude is negligible. 

The vapor pressure in each chamber was obtained by the dew point method, 
since the relative humidity was outside the satisfactory range of available electric 
hygrometer elements. The plots of these pressures also are shown in Fig. 5, 
and straight lines are drawn through them. On the wet side, the vapor pressure 
is deemed constant at 0.735 in. Hg which corresponds to 97 percent R.H. (rela- 
tive humidity). On the dry side, the vapor pressure is not quite constant, the 
slight rise corresponding to a rise in relative humidity from 3.3 percent at the 
start to 6.6 percent R.H. at the finish. 

This 3.3 percent increment produces a 3.5 percent reduction in the vapor pres- 
sure difference across the specimen, but its effect on the vapor transfer rate is 
not discernible. The choice of straight lines to represent the weight changes in 
effect averages the rates of transfer at the start and finish of the test, and it is 
therefore appropriate to use the average vapor pressure difference for the period, 
namely, 0.735 — 0.037 = 0.698 in. Hg. 


The permeance of the specimen is computed by solving the following equation: 
Weight of vapor transmitted = permeance X Area X Time X Vapor pressure difference 


or 
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= the weight, in grains, of the vapor transmitted 

the time, in hours, required for the above transmission 

the area of the specimen in square feet 

the difference in vapor pressure, in inches of mercury, across the specimen 
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(44 X 24) X 0.726 X 0.608 ~ O14 Perms 


Permeance = 


To demonstrate the effects of a more substantial rise in the dry side relative 
humidity during the progress of a test, the results of another test in the Model 3 
cell are shown in Fig. 6. In this case, the specimen (a pine wood panel 1.375 
in. thick) was highly hygroscopic, and although the test was continued for 80 
days, a steady state was never reached. In fact, as already noted in these cir- 
cumstances, a steady state is unattainable. 

With the scales shown, the plotted points of the data are everywhere touched 
by the curves, and are therefore omitted from the graphs. The wide and con- 
tinued divergence of the curves—water evaporated and desiccant gain—indicates 
clearly the increasing adsorption of vapor in the wood amounting to about 400 
grains at the finish*. The changing curvature of each line is the result of sev- 
eral variations, but primarily of the changing relative humidities in both cell 


3 The possibility of leakage out of the cell is not overlooked, but has been substantially eliminated 
by twice checking the vapor-tight integrity of the 
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chambers. These changing conditions are indicated by the curves at the top of 
Fig. 6, the wet side relative humidity rising from 87 percent to 96 percent R.H. 
accompanying the dry side rise from 2 percent to 34 percent R.H. As a result, 
the vapor pressure difference across the specimen diminished 27 percent during 
the progress of the test, yet the rate of transfer was well maintained. 

The explanation of this paradox lies of course in the fact that wood perme- 
ability increases greatly as relative humidity is increased. The computations of 
the permeance of this panel are based upon the day to day conditions and the 
results plotted to give the curve at the bottom of Fig. 6, the dry side weights 
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being alone considered. From this curve it is seen that the permeance increased 
40 percent during the latter 50 days of the test and was rising steeply when the 
test was terminated. 

The permeance thus determined, in an absence of steady state, must be con- 
sidered as an approximation although the error is probably not great. The test 
illustrates the difficulty shared in greater or lesser degree, by all methods using 
open desiccants as the vapor sink. 

Another difficulty shared in some degree by other methods, both dry and wet, 
has already been mentioned, namely, the uncertain vapor resistance of the air 
paths within the cell. However, with these limitations in mind, Model 3 is 
recommended in the testing of specimens whose permeance is low, if the high 
relative humidity on one face and the low relative humidity on the other face 
are acceptable conditions. 

In 1948 a project was undertaken for the Office of Technical Services, U.S. 
Department of Commerce, which included studies of the variation in the perme- 
ability of wood with relative humidity and temperature. Tests were required 


PERMEANCE MEASUREMENT IMPROVED BY SPECIAL CELL, Joy AND QUEER 387 


in a wide range of humidity, sometimes with the high relative humidity on the 
side of lower vapor pressure and vice versa. These requirements necessitated 
a more flexible design in which both temperature and relative humidity could 
be set and maintained in each chamber at any chosen value. To provide these 
features the controlled humidity duplex cell, Model 4, shown in section in Fig. 7 
and in Fig. 8, was constructed. 
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Temperature control in each chamber is accomplished by enclosing the com- 
plete cell in a box made of structural insulating board divided through the middle 
by a vertical partition pierced only by the 12 in. ring which holds the specimen. 
The temperature in each half of the box is thermostatically controlled and a 
circulating fan provides the turbulence necessary for heat transfer. The warm 
half is heated by electric heating elements while the cold half is cooled by 
admitting air from a duct in which 5 F air is continuously circulated at slightly 
elevated pressure. The 12 in. ring holding the specimen is a band of poly- 
ethylene 1% in. thick whose high vapor resistance and low thermai conductance 
make it suitable as a connection between the warm and cold chambers. In 
Fig. 8 two of these rings, one holding a specimen, can be seen in the right fore- 
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ground. In the background are three of the insulated boxes enclosing Model 4 
cells in operation. 

Within each cell chamber a small 27 cfm fan is fitted, Fig. 7, its four-blade 
scroll serving to distribute the discharge air fairly uniformly around the peri- 


Fic. 8. CONTROLLED HUMIDITY DUPLEX CELL—MopeEeL 4 
WITH CONTROLLED TEMPERATURE ENCLOSURES IN TEST ROOM 


phery of the chamber. The driving motor is mounted externally with a seal 
provided for its entering shaft. The air turbulence set up by this fan serves 
several purposes, among which is the transfer of heat to or from the panel sur- 
face. The air flows radially over the specimen from the rim inward toward the 
center at increasing velocity in a path guided by the contour of the axially posi- 
tioned desiccant (or water) container, and returns to the fan suction through a 
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2 in. hole in the doughnut-like container. The panel surface temperature, indi- 
cated by thermocouples, is satisfactorily uniform and constant after the heat 
balance of the system is established. 


The relative humidity in each chamber is controlled at a chosen value. An 
electric-hygrometer sensing element installed within the chamber is connected 
to an electronic humidity controller. A second sensing element is also installed 
for indication only, and each provides a check on the other. These elements are 
extremely sensitive and indispensable in this design. Their accuracy, of course, 
is the accuracy of their calibration which is frequently checked in a water 
jacketed chamber constructed for the purpose. With these provisions, the dew 
point cup is omitted from this model as a matter of convenience. 

The water and desiccant containers are of special design, involving primarily 
a vapor tight can with two openings through which air may be drawn by the 
fan when a valve in the entrance port at the top is opened. This valve is lifted 
by an external solenoid which is energized through a relay of the electronic 
humidity controller, the mechanical connection being a simple arrangement of 
levers with the entrance shaft moving only in rotation. Each container is 
normally positioned adjacent to the fan and centered on its axis by a manual 
bellcrank whose entering shaft moves both in rotation and translation. The con- 
tainers are released from all restraint for daily weighing. 

The internal features of the desiccant can are as shown at the left of Fig. 7, 
the air path being downward through the bed into a small plenum from which 
a pipe leads to the mouth of the shaped orifice hole in the container. The very 
dry air entering the fan suction opening is mixed in the fan before it is returned 
to the chamber. This drying is intermittent, being stopped by the closed valve 
and the effective diffusion resistance of the small outlet tube, but the cycles of 
valve action are short and the cyclic variation in relative humidity rarely exceeds 
1 percent total. 

The water can contains features only suggested in the diagram. A vertical 
partition in the top is located in a plane parallel to the axis of the can and 1 in. 
off center to clear the entrance port. Through this port the air passes down and 
around the can, over the water surface and up to an outlet tube which it enters 
near the top of the can. This tube, like that in the desiccant can, is important 
as a block to diffusion when the valve is closed but for simplicity is not shown 
in Fig. 7. These arrangements permit a large storage of very humid air above 
the water and in effect allow continuous evaporation although the vapor is with- 
drawn intermittently as required. 

Among the desirable features of this cell is positive air movement over the 
specimen surface. Its velocity is variable and subject to the location of the 
specimen surface, but ordinarily approaches a maximum of 350 fpm. Although 
means are at hand for providing any velocity desired, the available evidence 
suggests that the objective of uniform vapor pressure over the surface is attained 
by either velocity or turbulence. and that (for a vapor transfer up to 19 grains 
per hour, the maximum thus far tested), this design fulfills the requirement 
satisfactorily. 

In respect to uniformity of temperature it is evident that a given tolerance 
and a given air velocity place a limit upon the temperature difference across 
the panel depending on its thermal conductance. In any event, the tolerance of 
temperature is a tolerance not of vapor pressure, but of relative humidity, and 
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requires scrutiny only if the permeance of the specimen is sensitive to relative 
humidity. 

Three cells of this design were built and operated for six months. Good 
results have been obtained in a wide range of conditions. Mean test tempera- 
tures have ranged from 50 F to 110 F with a temperature difference as high as 
23 F between panel surfaces. Relative humidities on the water side have been 
set and controlled at values ranging from 30 percent to 93 percent while opera- 
tion of the desiccant side has included humidity values from 15 percent to 77 
percent. The tested vapor transfer rates have included values from 0.06 to 19 
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grains per hour, and the tested specimens ranged in permeance from 0.34 to 120 
Perms. 

Two actual tests are cited to indicate the nature of data and the significance 
of results obtained with the Model 4 cell. These tests were made on a composite 
panel of pine wood and insulating board, the wood thickness being 1% in. and the 
insulating board about 44 in. They were run in connection with a study of the 
propriety of adding the vapor resistances of these materials. In the first test 
the conditions on the water side were 97.6 F, 49.2 percent R.H., and on the 
desiccant side 73.0 F, 40.6 percent R.H., with a vapor pressure difference of 
0.553 in. Hg, the panel being placed with the wood on the water side (at 97.6 F). 

In Fig. 9 the scale readings have been converted to weight change (grains) 
and plotted as water evaporated and desiccant gain. Readings were taken daily. 
During the first four of five days, which were required to reach a steady state, 
the behavior is easily traced as the panel gave up some of its moisture content, 
having previously been exposed to a higher relative humidity. 

In the following four days, the plotted points lie almost exactly in parallel 
straight lines, the indication of a steady state. From the electric hygrometer 
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readings, the vapor pressure difference across the panel has been computed and 
likewise plotted. The stagger of the plotted points, amounting to 1.3 percent 
above and 1.3 percent below the average, 0.553 in. Hg, does not indicate a 
shift of conditions from day to day. Rather it is indicative of the band within 
which the vapor pressure difference was controlled in cycles whose length was 
not over one minute. The permeance of the panel is obtained as in the fore- 
going illustration by substituting the test data in Equation 1: 


W 


permeance = 


In this case, 


155 


96 x 0.66" x 0553 ~ Perms 


permeance = 


A second test on the same panel deserves mention because it illustrates the 
inconstancy of the permeance of some materials (in this case, wood) and the 
importance of choosing test conditions which are typical of the service expected 
of the material. 

The conditions of this second test were exactly the same as the first, but the 
composite panel was merely turned around, so that the wood was on the dessicant 
side and the insulating board on the water side. The data and calculations are 
omitted but the permeance was found to be 13.2 Perms, which is three times 
what it was in the other position. 

The explanation of this large difference is not hard to find when consideration 
is given to the relative humidity at the interface between the two materials. 
Calculations indicate that it was 22 percent in the first test, and 90 percent in the 
second. In the latter case, the wood permeance which varies widely in response 
to relative humidity, was greatly increased and accounted for the three-fold rise 
in the permeance of the combination. 

It is significant to note that in tests by some other methods this important 
difference would have been entirely absent or too small to attract attention. 

The conclusion is therefore reached that this test method possesses distinct 
merit, and that both Model 3 and Model 4 have important uses. Model 3, being 
simpler and requiring only a temperature controlled room for its operation, is 
the logical cell for testing materials of lower permeance which are known to be 
insensitive to relative humidity. The application of Model 4 is limited only by 
its heat transfer capacity and by the adequacy of an 1114 in.* specimen as a 
true sample of the material tested. 


ACKNOWLEDGMENTS 


The original development of this method of test was carried out with the joint 
sponsorship of the Armstrong Cork Co. and the Engineering Experiment Station 
of The Pennsylvania State College under the direction of Prof. K. J. DeJuhasz. 
Valuable assistance was rendered by E. Claxton, Dr. H. A. Robinson, C. C. 


* See footnote 4. 
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DISCUSSION 


Dr. F. T. Carson, Washington, D. C. (WrittEN): The apparatus appears to be 
very well adapted to the sort of uses made of it, and seems rather flexible in use. 
I do not know whether the authors meant to imply a novel method of weighing 
(page 380). The use of calibrated springs in a transparent enclosure is frequently 
used in determining moisture-content isotherms, and this technique was applied to a 
permeability cell by workers at the Bell Telephone Laboratories several years ago 
(Industrial and Engineering Chemistry, 28, 1255, 1936). 

The discussion about definitions and the use of permeance and permeability is 
logical, but there seem to be many ideas about how to make a limited number of 
words go around for all the shades of meaning required. Permeability defined so as 
to characterize a physical property of a substance is of little use to those concerned 
with materials like paper and textiles that are made and used in fixed thicknesses 
(not subdivided in use). Permeability as a piece property for such materials would 
have more appeal. Furthermore, the suggested definition involves the nature of the 
fluid as well as of the substance. It is not independent of the permeating fluid, and 
would be in conflict with the definitions currently advocated by the Geophysical Union 
and the American Standards Association. 1 am not suggesting how the difficulty can 
be resolved. The subject is too involved. Prospects for universal agreement on 
nomenclature are not good. 

The name perm is an old friend in a new dress. Some years ago when H. D. Hub- 
bard was at the National Bureau of Standards he suggested perm as the name for 
the fundamental cgs unit of permeability to gases (National Bureau of Standards, 
Research Paper 682, 1934) but it did not find support. I believe it has since been 
suggested for some other unit. There must be several dozen permeability units in 
use in various fields. 

The authors mention a project in 1948 for the Office of Technical Services, U. S. 
Department of Commerce. I wonder if the report of this work is available (no refer- 
ence is given). It would be interesting to know what kind of results were obtained 
under the conditions mentioned (relative vapor pressure and vapor pressure differ- 
ence opposing each other). 

The two-sided effect indicated on page 391 which yields two values on a unit 
pressure-difference basis (4.4 and 13.2 perms) for the same specimen, illustrates the 
difficulty of expressing permeability data in this manner. It is possible that this two- 
sided behavior might not have been in evidence if the high-pressure side had not been 
above 70 or 80 percent relative humidity. 


R. S. Ditt, Washington, D. C. (WrittEN): The authors are obviously to be com- 
mended on the preparation of an exceptionally comprehensible paper describing some 
well designed equipment which they have evolved and which should have considerable 
practical use. The condensation problem in buildings is now becoming generally recog- 
nized and understood, and vapor barriers are one means of alleviating it. Devices such 
as those described should be very useful both for solving problems and settling 
arguments. 
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Those interested, however, should remember that the use of vapor barriers, even 
those with their properties known by means of these instruments, does not entirely 
solve the condensation problem. In the first place, no matter how well a house is pro- 
vided with vapor barriers, there will yet be a limit on the tolerable humidity within 
it because sufficient humidity will result in condensation on windows, doors or thcir 
frames and even on the interior surfaces of walls. In the second place, the installation 
problem always exists. A house vapor seal may be faulty due to design and it is 
subject to damage by artisans, especially plumbers and electricians. 

Questions for which answers may be found by these instruments are: How uniform 
is vapor barrier material as marketed? Is the permeance of one square foot at all 
representative of that of another square foot of the same roll? What differences 
between rolls must be expected? The data contained in National Bureau of Standards, 
BMS Report No. 63 (Moisture Condensation in Building Walls) indicate some 
considerable variations. 

I am in sympathy with ihe units of measurement proposed by the authors but these 
units may be acceptable only with difficulty by numerous interested parties. 


F. M. Gavan* and S. W. Esy*, Lancaster, Pa. (WritTEN): This paper is of par- 
ticular interest to our company since the transfer of moisture through insulating 
materials has long been a problem in the industry. The work reported on was spon- 
sored by the company at The Pennsylvania State College for the purpose of making a 
study of this effect and devising apparatus which would give reproducible measurements. 

When six model 3 cells had been built, three were delivered to our research labora- 
tories at Lancaster and a series of cooperative tests was begun in April 1948. This 
series was designed to obtain data on vapor barrier assemblies of general interest 
and to determine the agreement which might be obtained when the same samples were 
tested by two different laboratories. Samples were prepared at both the College and 
our laboratories. Each laboratory tested its own samples and those prepared by 
the other. 

Although this work has not been completed, the data obtained to date (see Table A) 
indicate that the agreement between the two laboratories on the same sample is good, 
and that the method of test differentiates between barriers of varying efficiencies. 
Where good agreement is not shown (as in the case of our sample C) it can gen- 
erally be explained by the difficulty in making two assemblies exactly alike. The 
relative disagreement on sample B may be ascribed to the behavior of the coating in 
curing. This series will be completed and a statistical analysis is contemplated. 

The practical advantages of this type of vapor transmission cell over the widely 
used A.S.T.M. cups are apparent. From the limited amount of work which has been 
done with both methods on the same material, it appears that the former provides a 
more reliable test and develops a greater vapor pressure differential across the 
specimen, producing a greater rate of transfer of moisture. In one test using the 
new method it was found that the rate of transfer was about three times greater than 
that obtained with the A.S.7.M. wet cup method. It is indicated by a considerable 
amount of testing that the cell described in this paper duplicates results with greater 
consistency than the 4.S.7.M. cup methods. 

The work with these cells is by no means finished. Several projects need to be 
carried to completion to reduce operational difficulties which may now be causes for 
variation. One of these is to find a standard for calibration, such as a substance of 
constant permeance, to insure uniform techniques among various operators and labora- 
tories. An improvement now being investigated is a method of indicating electrically 
the elongation of the springs. Other projects contemplated would utilize the versatility 


* Engineer, Research Laboratories, Armstrong Cork Co. 
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TaBLE A. PERMEANCE OF VARIOUS VAPOR BARRIERS® 


PERMEANCE—GRAINS/(sq ft) (hr) (in. of Hg) 


SAMPLE DESCRIPTION PENN STATE SAMPLES ARMSTRONG SAMPLES 


Penn State | Armstrong | Penn State apes 


Values Values Values ues 
A 236 in. impregnated insulating 
B 1 in. corkboard—Portland ce- 
c 1 in. corkboard—asphalt emul- 
0.73 1.17 0.08 
D Same as (C) with paint No. 1... 0.17 
Same as (C) with paint No. 2... 0.17 0.22 
F 1 in. corkboard—asphalt sealer..| 0.12 0.08 X>} 0.13 X 
0.03 Y 0.10 Y 
1 in. corkboard—asphalt emul- 
H Same as (G) with paint No. 1... 0.37 0.37 
I Same as (G) with paint No. 3... 0.13 0.15 


a All tests made at 70 F with water on wet side and silica gel on dry side. 
bX and Y are duplicate samples. 


Note: Since a good vapor barrier has been defined (HHFA Bulletin No. 5—July 1948) as one 
having a transmission rate of less than 1.0 perm, it should be noted that these are typical data and 
not necessarily absolute for the assemblies tested. For instance, it is probable that there is very 
little practical difference between samples G and H. 


of these cells in investigating effects ordinarily allied with water vapor transfer, such 
as temperature differences, varying vapor pressure differentials, and air flow. 

In conclusion it should be noted that this work has apparently resulted in the 
development of apparatus and techniques which will be of great use and value to all 
who are engaged in improvement of the design and installation of insulation. 


F. B. Rowtey, Minneapolis, Minn. (WrittEN): The accurate measurement of the 
vapor transmitting qualities of a given material often requires very precisely controlled 
test conditions and delicate measuring devices. This is particularly true for the better 
types of vapor barriers. In this paper, the authors have described a test apparatus 
and procedure developed by them, which appears to meet the requirements for a satis- 
factory test method. I want to compliment the authors upon the carefully worked 
out design and the principles which they have taken into consideration in develop- 
ing the apparatus. 

This discussion does not apply to the test apparatus, but rather to some of the 
difficulties involved in the satisfactory rating of vapor barriers as pointed out by the 
authors in the course of their discussion of test methods and test results. 


As stated in this paper, many test methods have been devised and used for the 
rating of vapor barriers, and there are amazing differences in the ratings as deter- 
mined for certain barriers by the different methods. In the case pointed out by the 
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authors, there is a variation of 4.4 perms to 13.2 perms or 200 percent variation in 
results based on the lower values. This was obtained by merely shifting the position 
of two materials in a composite structure. Differences of this magnitude as obtained 
by different test methods are common and are not due so much to the test apparatus 
as they are to the omission of certain important elements which affect the permeability 
rating of certain material. The effect of relative humidity on hygroscopic materials as 
mentioned by the authors in the last part of the paper has been too often overlooked. 
Vapor permeability through materials is affected by several factors. Some of these 
are the surface resistance of the material to passage of vapor, the internal resistance of 
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the material to vapor, the temperature of the material, the state of the moisture in pass- 
ing through the material, and the hygroscopic properties of the material. 

When the vapor is transferred to or from the surface of the material, assuming that 
the surface temperatures are such that no condensation takes place, the rate is affected 
by the velocity over the surface as well as by vapor pressure difference. When the 
vapor enters the material, several things may happen. For permeable materials which 
are non-hygroscopic and whose temperatures are above the dew-point temperature of 
the vapor all the way through the material, the vapor may pass through and, in 
general, the rate may be assumed to be directly proportional to the vapor pressure 
difference on the two sides of the material and inversely proportional to the vapor 
resistance of the material. If, on the other hand, the material is hygroscopic, some 
of this vapor may be absorbed by the miaterial, and this absorption may increase or 
decrease the vapor transmittances depending upon conditions. Furthermore, if the 
temperature of the material at any point is below the dew-point temperature of the 
vapor, condensation may take place and the rate may be changed. 

If a permeable material which is non-hygroscopic is tested under conditions which 
do not cause condensation, the permeability appears to be directly proportional to vapor 
pressure difference, and the rating of the material becomes a rather simple matter. 
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If the material is to be used under temperature conditions which will cause condensa- 
tion, the rating as determined by non-condensing conditions may not apply. 

If the material is hygroscopic, it will absorb moisture directly from the vapor, and, 
in general, the amount of water absorbed by hygroscopic materials is proportional to 
the relative humidity of the vapor in contact with them, but not to the absolute 
humidity or vapor pressure. This property is the one which appears to be causing 
the greatest amount of variation between different test methods. 

In discussing this principle in a paper before the Society of Sigma Xi in 1938, I 
used Fig. A, as it illustrates very clearly the principle involved. This represents a 
wall built of an impermeable, homogeneous, hygroscopic material. The left surface 
of the wall is exposed to air at 80 F and 50 percent R.H., and the right side is exposed 
to air at 30 F and 70 percent R.H. On the left side there are scales for temperature 
and percentage of moisture within the wall, and on the right side there is a scale for 
the vapor pressure of the moisture on each side of the wall. 

The line AB represents the temperature gradient through the wall as established 
by air temperatures on the two sides of the wall. From data taken from a Forest 
Products Laboratory bulletin, the moisture equilibrium content of wood in contact 
with water vapor of 50 and 70 percent R.H. is 9 and 13.5 percent, respectively. Thus, 
if the hygroscopic properties of this material were similar to those for wood, the 
moisture gradient through the material would be represented by the line EE. The 
vapor pressure over the wall is represented by the points CD. Since the wall is 
impermeable to vapor, there is no such line in the wall. 

Under the condit'ons shown in this diagram, it is evident that if the material were 
at all permeable vapor would be passing from the left high-pressure side to the right 
low-vapor pressure side. On the other hand, the hygroscopic properties of the material 
would tend to keep the moisture content on the right side at 13.5 percent and on the 
left side of 9 percent moisture. The moisture would naturally seek its level within 
the wall and would flow from left to right across the wall, or from low-vapor pressure 
side to the high-vapor pressure side of the wall. 

The hygroscopic properties of the material and the vapor conditions of the two 
sides of the wall may be such that the transfer caused by the hygroscopic properties 
of the material is caused by vapor pressure difference. The two processes may be 
going on at the same time, and the final results for material can be entirely different 
depending upon test conditions. Thus, under one set of test conditions high vapor 
permeability may be recorded and under another set low vapor permeability may be 
recorded. This principle must be taken into consideration for the rating of hygro- 
scopic materials. 

The single word, perm, as suggested by the authors to be used in lieu of a complete 
description of conditions for reporting tests would be convenient. Were such a term 
decided upon, however, there should be complete agreement as to all of the units that 
were to be included in the expression. In other words, it might be necessary to coin a 
second term if some other elements or conditions were to be included. 

The transfer of vapor through materials is very much more complicated than is the 
transfer of heat and in any rating procedure the various elements must be taken 
into consideration. 


D. D. Wire, Los Angeles, Calif. (Written): I would like to compliment the 
authors for a fine presentation of a thorough development project. The simple method 
of determining change of weight on the inside of the sealed spaces is an excellent 
contribution to experimental techniques especially in view of the uniformity of results. 

It would be interesting to learn if there has been any difficulty maintaining a seal 
between the test specimen and the ring in which it is held when working with 
materials which might shrink considerably during the period of the test. 

Another question concerns the electric-hygrometer sensing elements used in the 
Model 4 Duplex Cell. Have the authors made any checks of the accuracy of these 
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cells under the conditions of use? For instance, has a comparison been made between 
these electric hygrometers and the dew-point equipment used in the Model 3 Cells? 


Lester T. Avery, Cleveland, Ohio: Can this machine or device be used for deter- 
mining the water holding content of various building wall structures? 

It seems to me that the authors have a device which could be used for determining 
such water holding capacity. I know of nothing else which could be used for 
this purpose. 


A. E, Stacey, Jr., Syracuse, N. Y.: What is the effect of velocity of vapors over 
test specimens ? 


H. E. Zier, Detroit, Mich.: Would this instrumentation permit measuring of the 
water vapor flow through slots from a low dew-point area to a higher dew-point area? 

It would be extremely helpful in the design of air conditioning systems to have some 
definite knowledge of the rate of water vapor flow in still and also in moving air. 


Avutuors’ CLosure: The report requested by Dr. Carson on the project for the 
Office of Technical Services was published as Bulletin No. 61 of The Pennsylvania 
State College.1 Fig. B from Bulletin No. 61 shows the wide variation in the permea- 
bility of wood. 

Another phase of the project was concerned with the condition described by Profes- 
sor Rowley. The movement of sorbed water down a gradient of moisture content 
without benefit of vapor pressure difference (described as transorption) was found 
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1 Water Vapor Transfer Through Building Materials, by F. A. Joy, E. R. Queer, and R. E. 
Schreiner (Pennsylvania State College, Engineering Experiment Station Bulletin No. 61, 1949). 
(Editor's Note: Bulletin is out of print but some of the material is included in Engineering 
Experiment Station Technical Paper No. 89, Basic Concepts of Water Vapor Migration and Their 
Application to Frame Walls, by F. A. Joy). 
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to be slight under the conditions of the test. Later work by R. C. Calvert? demon- 
strates clearly that transorption is nonexistent in a low range of sorbed moisture 
but, in the case of free water, there is good reason to expect capillary movement. 

The unit perm is intended as a convenient substitute for the long form, grains per 
(sq ft) (hr) (in. Hg). This is the full meaning of perm and the term does not 
imply any description of (test) conditions as suggested by Professor Rowley. Since 
the permeance of some specimens depends on exposure, a statement of test conditions 
should always accompany a report of permeance. 

Mr. Wile notes two very practical difficulties. The shrinkage or warping of a heavy 
specimen sometimes requires a period of exposure to shape it before test data can 
be taken. The electric hygrometer elements are recalibrated as required. They are 
more convenient than the dew cup but the latter is of course a basic measurement. 

Mr. Avery suggests another good use for the cell. The safe water holding capacity 
of materials is often an important factor in a condensation control problem. 

The effect of air velocity, as suggested by Mr. Stacey, is considerable in a test 
of a high permeance specimen, but it is slight for barriers whose permeance is less 
than one perm, The vapor resistance of air is relatively small. 

Mr. Ziel’s question about slots and cracks is very practical. The cell can be used 
for some of the simplest problems but full scale tests are better. Vapor movement 
through cracks is generally not a matter of diffusion. Transportation of vapor by a 
moving air mass is likely to be the important mechanism in such cases. 


2 An Investigation of Transorption, by R. C. Calvert (A thesis presented for the degree of 
M.S. in Mechanical Engineering, The Pennsylvania State College). 
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HUMAN TOLERANCE LIMITS FOR 
EXTREME HEAT 


By W. V. BiocKLey* anp Craic L. Taytor,** Los ANGELES, CALIF. 


pre advent of aircraft with flight speeds in the sonic range presents the poten- 
tial hazard of heat to pilots and occupants. In the event of failure of the air 
conditioning system, air entering the cabin would be heated in proportion to the 
square of the aircraft’s speed. The orders of magnitude to be expected may be 
indicated by the following example: at low altitude on a 100 F summer day, air 
temperature in the cabin at a speed of 800 mph would rapidly reach 215 F. 

Tolerance for extreme temperature is also a practical problem of industrial 
physiology and hygiene. Under special, though usually emergency, conditions 
workmen may be exposed to dry or humid heat. One of the authors has received 
a number of communications from individuals recounting such experiences. 
Though unverified, these accounts are adequately factual and not inconsistent 
with the results generally obtained in experimental situations. Thus, a kiln 
technician reports many exposures for two or three minutes to 250 F, and on 
several occasions to 500 F. A plastics engineer regularly spends 10 min out of 
each 30 in an oven at 200 F. A mining engineer tells of rescue parties exploring 
pockets in a burning mine where temperatures ranging up to 240 F were encoun- 
tered. These experiences outline the need for a knowledge of the human limita- 
tions, practical measures of personal protection, and for the development of 
efficient protective equipment. 

In the literature of investigations into man’s ability to withstand extreme 
thermal environments, accounts appear as early as 1775, when Charles Blagden 
and George Fordyce! reported on their experiments in heated rooms at tempera- 
tures up to 260 F. In modern times, such studies have been mainly concerned 
with conditions involving high humidities, but only moderately high dry bulb 
temperatures. Outstanding in the contributions to this field are the researches 
begun in the early 1920’s at the A.S.H.V.E. Laboratory in Pittsburgh, and one 
important aim of this paper will be to compare the results obtained in the 
present study with those of the A.S.H.V.E. group. Other workers have studied 
reactions of working men to heat and high humidity, notably Dreosti?, Eichna 
et al? and Robinson‘. 


* Research Associate, Department of Engineering, University of California. 
** Associate Professor, Department of Engineering, University of California. 


Presented at the Semi-Annual Meeting of THe American Society or HEATING AND VENTILATING 
Enorneers, Minneapolis, Minn., June 1949. 


1 Exponent numerals refer to References. 
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EXPERIMENTAL CONDITIONS AND PROCEDURE 


The heat exposures discussed in this paper were carried out early in 1948 as 
part of a general program of research into man’s ability to tolerate extreme 
heat.t 

The experimental heat chamber is an insulated cylinder, 70 in. & 46 in. in 
diameter, with a total volume of 70 cu ft. Ventilatio.i and heating are accom- 
plished by means of a blower, flow metering system, and a 9 kw electric heat 
exchanger. The flow through the chamber is distributed over its horizontal 
cross-section by a floor baffle plate system. Its equivalent linear velocity, 
directed vertically from seat-to-head of the subject, averaged 41 fpm as meas- 
ured with a thermal anemometer. The ventilation volume rate was maintained, 
as a matter of routine, at 70 cfm, exhaust air being discarded. 

Air temperature was controlled by a thermocouple-potentiometer system with 
sensing element in the chamber. Wall temperature remained within 10 F deg 
of air temperature under all conditions. Humidity was not controlled, and the 
vapor pressure of the chamber air was a function of outdoor humidity and 
moisture added by the subject, ranging generally between 0.5 and 1.0 in. Hg and 
averaging about 0.8 in. Hg. 

Two student volunteers were subjected to environments ranging in dry bulb 
temperature from 140 F to 240 F inclusive. In all these experiments, clothing 
was standardized, and consisted of a close-fitting wool and cotton one-piece 
union suit, 0.080 in. thick, with loose-fitting felt duffel socks on the feet. 

Before each heat exposure, subjects spent at least 30 min resting in a comfort 
environment of approximately 80 F to establish baseline values for the physio- 
logical measures which were as follows: 


1. Rectal temperature (t,) obtained by a thermocouple inserted to 7 in. 


2. Skin temperature, measured at nine locations and weighted according to the 
DuBois surface area factors to yield the mean skin temperature (t,). 


3. Exhaled air temperature, (t-) measured at the mouth portal during channelled 
breathing (mouth exhalation). 


4. Heart rate (H.R.) taken by means of 30 sec pulse counts at the wrist by the 
subject or counted from electrocardiographic records. 


5. Respiration volume, oxygen consumption and respiration rate, takei from records 
of a closed circuit metabolism apparatus. 


6. Blood pressure determined by standard auscultatory technique. 


During the exposure period, determinations of the foregoing measures were 
made as frequently as possible—approximately every two to three minutes. 
Above 140 F, the subject remained in the test environment until the tolerance 
end point was reached as defined by the following : 


1. Subject’s report of intolerable discomfort. Under conditions of intelligent and 
manful cooperation from our subjects (which was at all times highly satisfactory), 
the authors believe that a practical limit was achieved. Certainly, there was no evi- 
dence of terminating on whim or personal inconvenience. Sensations of heat or 
burning were never sole criteria for tolerance. 


+ Work performed under contract with the U. S. Air Force, Air Materiel Command, Aero-Medical 
Laboratory, Wright-Patterson Air Force Base, Dayton, Ohio. 
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2. Appearance of symptoms of hyperpyrexia and heat exhaustion, including faint- 
ness, nausea, tingling sensations in extremities, mental confusion, compulsive restless- 
ness, dyspnea or symptoms referred to the chest, when clearly developed. 

3. Heart rate of 150 beats per minute. This was a physiological sign influencing 
the decision, but was not used as an absolute criterion; that is, in the presence of 
other signs, experiments might be terminated at heart rates less than 150, but, in 
some cases, 150 was exceeded when the subject was otherwise in good shape. 


TABLE 1. ENVIRONMENTAL CONDITIONS AND TOLERANCE TIME 


MEAN AIR NuMBER OF | RANGE OF INLET RANGE OF AVERAGE 
TEMPERATURE EXPOSURES VAPOR PRESSURES | TOLERANCE TIME TOLERANCE 

(DEG F) (In. Ho) (MINUTES) (MINUTES) 
140-142 2 0.075-0.36 63-642 63.54 
154 1 0.1 798 792 
179-181 4 0.14-0.24 44-53 48.5 
199-203 4 0.15-0.32 31-35 33 
218-224 6 0.17-0.38 25-30 28 
237-242 4 0.14-0.51 20-26 23.5 


a Terminated before tolerance was reached. 


TABLE 2. PHYSIOLOGICAL RESULTS OBTAINED IN A TYPICAL EXPERIMENT 


EXPERIMENTAL; AVERAGE RECTAL ExpiRED | MEAN SKIN Heart BLoop 
TIME AiR TEMP. TEMP. TEMP, Temp. RATE PRESSURE 
(Dec F) (DEG F) (Dec F) (Dec F) (mm Ho) 

Pre-exposure (start = 0 time) 

30 80 97.8 95.7 95.0 80 128/80 

Exposure (start = 0 time) 

3 228 100.5 104 
6 238 | 98.2 98.4 101.5 
10 245 } 98.6 100.8 102.1 114 
15 245 | 99.3 103.3 
18 242 99.9 102.8 104.1 150 
24 242 100.8 105.6 105.0 150 
25 101.1 
26 Tolerance Time. 
Recovery (time continued) 
29 75 132 180/90/60 
41 75 } 99.3 95.3 88 100/50 
44 75 «1004 «| 96.8 92 118/80 
62 75 | 95.7 93.2 122/88 


The elapsed exposure time to this end point is referred to as tolerance time. 
It is significant that, despite the inexact nature of this definition of tolerance, 
the tolerance times observed in different subjects at similar environmental con- 
ditions were invariably within 10 or 15 percent of each other. 

The listed physiological responses were followed during the recovery after 
termination of the exposure. ; 


RESULTS 


In Table 1 are summarized the environmental conditions and tolerance times 
for the 21 experiments of this series. 
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In Table 2 are shown physiological results obtained in a typical experiment, 
No. B-13, mean average air temperature 240 F; the detailed responses with 
time are graphed in Fig. 1. 

The authors plan to publish separately a paperff dealing in detail with the 
physiological aspects of heat exposure, but the following is a summary of find- 
ings up to the present time. 

1. Skin temperature rises continuously during exposure, the rate of rise being 
successively greater with increasing ambient temperature levels. The maximum mean 
skin temperature observed was 107 F, reached in an exposure at 240 F. 


240 F 
230 F 
= 
106 1.0 2 
104 F 10 
> 
o 
5 
96 


Pre 0 5 10 15 2U 25 
Exposure Time (min.) 


Fic. 1. Experiment B-13: curve 1, 
AIR TEMPERATURE; 2, HEART RATE; 3, 
MEAN SKIN TEMPERATURE; 4, EXPIRED 
AIR TEMPERATURE; 5, RECTAL 
TEMPERATURE 


2. Heart rate increases in a similar fashion to skin temperature, usually reaching 
values between 140 and 160 beats per minute. 

3. Blood pressure changes show greater individual differences than do other 
physiological factors. Systolic pressure rose during exposure in all cases, while 
diastolic pressure declined continuously in one subject, but remained relatively stable 
or slightly eievated in another. 

4. Electrocardiograms taken during and after heat exposure show minor variations 
from the normal resting records of the individual, but no distinct indications of heart 
damage have been seen. 

5. Rectal temperature changes are relatively slight and slow in onset as compared 
with other physiological reactions, and are an unreliable indication of the extent of 
heat stress on the body under these conditions of short exposure. 

6. Exhaled air temperature responds rapidly to the heat load, and appears to be a 
useful indication of thermal stress. Measurement of temperatures at several loca- 


+¢ The work on which this paper is based is more fully described in an Air Force Technical Report 
entitled Studies of Human Tolerance to Extreme Heat—First Summary Report. 
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tions in the respiratory passages indicates that the mucous membranes exert a 
strong regenerator influence, cooling the inhaled air by as much as 100 F in a few 
inches of travel, and warming the exhaled air, though to a much lesser degree. 
However, as far as can be determined, because of the evaporative loss the total 
respiratory system continues to serve as an avenue of heat loss even under conditions 
close to the extremes of these studies. 

7. Respiratory ventilation increases markedly under heat stress, often reaching 
values two or three times the resting levels, though respiration rate is not significantly 
affected. Oxygen consumption apparently follows a course roughly parallel to that of 
ventilation. 


TABLE 3. INCREASE OF SURFACE AND RECTAL TEMPERATURE WITH 
EFFECTIVE TEMPERATURE 


EFFECTIVE t Als ts AHR 
TEMPERATURE (Dec (Dec F/xR) (BEATS/MIN/HR) 
90 0.4 99.0 0.4 96.4 3 
95 0.9 99.5 1.2 97.2 ll 
100 2.1 100.7 3.3 99.3 42 
105 4.0 102.6 8.8 104.8 98 


Afr (increase in rectal temperature) and AHR (increase in heart rate) values were read from Fig. 5 and 
Fig. 6 (Houghten and Yaglou®). 

Als (increase in skin temperature) was calculated from Fig. 3 (McConnell and Yaglou®). 

tr = 98.6 + Afr; ’s = 96.0 + A‘s; one hour exposure assumed. 


8. The rate of sweat loss is highly variable, but tends to increase with successively 
higher levels of ambient temperature. The rate of actual evaporation increases with 
air temperature at a considerably slower rate than does the total weight loss. Abso- 
lute values of the weight loss observed range from 0.9 to 2.5 Ib depending on the 
characteristics of the individual, the duration of exposure, and the ambient tempera- 
ture level. 

9. Subjective symptoms of thermal strain are numerous, but only a relatively few 
were observed consistently in each experiment. Some sensations, while definite, are 
difficult to describe in precise terms. One common feature of all exposures carried to 
tolerance is a feeling of air hunger, associated with deep and irregular respiration. 
This symptom may be accompanied by restlessness and nervous irritability, while 
waves of dizziness may intervene at terminal stages. 

Items 1, 5 and 6 deserve emphasis, since they illustrate the main difference 
in effect between the short-term, high dry bulb environments studied by the 
authors and the high humidity, moderate dry bulb environments which were 
used in the majority of the Pittsburgh A.S.H.V.E. studies. Table 3 illustrates 
the tendency of surface temperature to outstrip rectal temperature as the sever- 
ity of the heat load is increased. 

In the authors’ experiments, the maximum rectal temperature recorded was 
101.7 F. In many cases, the peak temperature was reached after exposure, 
during the recovery period, and in several exposures it did not exceed the 
normal range. 


INDEX OF PHYSIOLOGICAL STRAIN 


For the purpose of clarifying the relationship between physiological responses 
and air temperature, the collected data were analyzed at a particular exposure 
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time. Exposure time 20 min was selected as the comparison point, in order to 
avoid early adjustment effects and yet include all experiments. Values for the 
various physiological measures at 20 min were read from the response-time 
curves, while in the case of air temperature the value for the whole experiment 
was used. 

The correlation coefficients are shown in the following tabulation: 


(2) Mean skin temperature with air temperature............. 0.96 
(3) Rectal temperature with air 0.64 
(4) Exhaled air temperature with air 0.89 


*For the purpose of the combinations, Z scores were computed according to the formula, Z = (x — 
Mx)/Sx, where x = a variate, Mx = the mean and Sx = standard deviation of the distribution of the 
variates. The Z score corresponds to the relative deviate scale, k, as defined and derived by Treloar, Elements 
of Statistical Reasoning, 1939; it allows the expression of a series of quantities as pure numbers, so that the 
problem of dissimilar units is eliminated. All other statistical methods and symbols used in this paper are 
fully explained in the latter work. 


The results show that the combination of skin temperature and heart rate, 
equally weighted, yields a coefficient of 0.96. Adding ¢, slightly improves the 
relationship, but this combination was discarded because of the fewer cases 
containing determinations of t,. Rectal temperature reduced the relationship, 
as might be expected from the preceding results. 

If it is assumed that the conclusions from the analysis of 20-min data hold 
approximately for any time up to 35 min, a simple index of physiological strain 
can be derived, namely 


Index = 44 (Zt, + Zur) 
To this end, means and standard deviations for the total distributions (NV = 102) 
of skin temperature and heart rate were calculated, as follows: 
HR: mean = 109.4; standard deviation = 18.26 
tsmean = 101.6; standard deviation = 2.53 
Substituting and simplifying: 
Index = 0.0274 (HR) + 0.198 (¢s) — 23.10. 


SENSIBLE HEAT TRANSFER 


In the experiments reported here, it was not possible to incorporate routine 
measurements of evaporative heat loss and metabolism, and consequently com- 
plete heat balances cannot be reported. Radiant and convective heat transfers 
from chamber walls and air to clothing surface have been calculated by the 
equation, 


+ = hr (tw — tg) + he (ta — lg) 


*It will be noted that for clarity in presenting a portion of the human heat balance the equations have 
been rearranged to give a positive sign to gr + ge. In conventional treatments of the total heat balance, 
this quantity would bear a negative sign when the environment is hotter than the body surtace (see 
HEATING, VENTILATING, AIR CONDITIONING GUIDE 1949, p. 216). 
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where 
qr, Ic = radiant and convective heat transfers Btu per (square foot) (hour). 

tg, ta, tw = garment surface, air and wall temperatures (Fahrenheit degree). 

Since, in a steady state, the same quantity of heat must be conducted through 
the clothing, this relation is expressed: 

Gr + Gc = hg (tg — ts) 
where 
ts = skin surface temperature (Fahrenheit degree). 

Solving the two equations for ¢,, setting them equal, and solving for g,+4q,, 


gives the expression for overall heat transfer from environment to body : 


hg + hota — lets — hele) 
he + hr + hg 


qr + = 


where 


hg = unit conductance of garment, Btu per (square foot) (hour) (Fahrenheit 
degree temperature difference between surfaces of clothing). 


hr = unit heat transfer by radiation, Btu per (square foot) (hour) (Fahrenheit 
degree temperature difference between wall and garment). 


he = unit conductance for thermal convection, Btu per (square foot) (hour) 
(Fahrenheit degree temperature difference between air and garment 
surface). 


Coefficients of heat transfer h,. h,, h, for the test conditions reported have 
been adapted as follows: 
¢ Fea (Ar/Ab) (Tg — 
lg tw 
Btu per (square foot) (hour) (Fahrenheit degree per foot). 


hy = 


where 


= 0.57 (this pa ceed modulus is based upon the emissivities of 
garment and walls). 
= Stefan-Boltzmann radiation constant. 

Ar/Ap = 0.75 (the fraction of body area concerned in radiation as taken from 
Winslow et al). 


he = 0.020 V Btu per (square foot) (hour) (Fahrenheit degree). 


where 
V = air velocity feet per hour. This equation is also taken from Winslow et 
al’, and modified to the temperatures (200 F) of these experiments. 
1 
where 


= thermal conductivity of garment Btu per (square foot) (hour) (Fahren- 
heit degree per foot). 

L = garment thickness, feet. According to Schiefer et al® k for the 50:50 
cotton-wool underwear used in these experiments is 0.028, and L, from 
the authors’ measurements at 0.1 lb per square inch is 6.83 X 10° ft. 


= * 
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Values of g, +9, then represent an external heat load expression, with which 


the physiological effects and tolerances may be correlated. 
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Fic. 2. RELATIONSHIPS BETWEEN AVERAGE INDEX, AIR 
TEMPERATURE, AND TIME OF EXPOSURE 


Data are based upon two subjects exposed a total of 18 times, 
approximately two to three times to each air temperature 


RELATIONS BETWEEN Heat Loap CRITERIA AND INDEX OF 
PHYSIOLOGICAL STRAIN 


The data from 18 experiments were separately analyzed at 5, 10, 15, . . . . 35 
min of exposure time as a means of determining the relations between heat 
load criteria and index of physiological strain. Coefficients of correlation were 
obtained for each 5 min period, (a) between chamber air temperature and Index, 
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and (b) between q,-+q, and Index. It was found that these coefficients agreed 
closely throughout. For example, at 20 min, correlation (a) was 0.96, corre- 
lation (b) was 0.95. From this it was concluded that the present data could 
most conveniently be treated in terms of the air temperature criterion. 


RELATIONS BETWEEN ExposurE TIME, AIR TEMPERATURE, AND STRAIN INDEX 


Since, in the temperature range concerned, the practical problem is one of 
time-tolerance, it is necessary (a) to examine the changes in physiological state 
with time, and (b) to determine the relationships between the maximum toler- 
able index of strain, exposure time, and air temperature. 


The first of these comparisons is displayed in Fig. 2, a plot of Index versus 
time for the various air temperature groups. Since the exposure temperatures 
were originally planned for 20 F intervals from 140 to 240 F (except 160), and 
the mean air temperatures actually obtained seldom varied more than +3 deg 
from the designated temperature, it is possible to construct a simple family of 
curves. The points along each 5 min time line were computed from the least 
square linear fits made between air temperature and Index for each 5 min block 
of data. Because of the data at hand, this time function is presented graphically. 
With more experiments, mathematical analysis of time trends will be justified. 
It is clear that increasing emphasis must be given to time rates for each mode 
of adaptation in evaluating tolerance for short intense exposures. 


TOLERANCE CONTOURS 


With a view toward displaying the salient features, Fig. 3 has been constructed 
by reading points from Fig. 2, presenting Index as a function of ambient air 
temperature and exposure duration. Plotted upon this figure are the actual 
tolerance times of the experiments. One immediately sees that these tolerance 
times do not correspond to any constant Index level, but appear to increase in 
Index with air temperature. This means that factors additional to heart rate 
and skin temperature have to do with the tolerance time. It will be recalled 
from the preceding discussion that numerous and diverse symptoms are asso- 
ciated with tolerance. These are not necessarily highly correlated with Index. 


For comparison, the results of two other investigations featuring suitably 
similar conditions of exposure have been included in Fig. 3. Tolerance times 
averaged from still air, 200 fpm and 400 fpm air velocity exposures at various 
effective temperatures have been taken from McConnell, Houghten and Yaglou?, 
Table 3. These differences in air movement apparently had no effect upon 
tolerance time, according to the authors, and advantage may be taken therefore 
of the larger number of cases in their combined!® results. The effective tem- 
perature chart was used to extrapolate the effective temperatures to the equiv- 
alent temperature at a vapor pressure of 0.8 in. Hg which is the average of our 
experiments. This temperature, together with the tolerance time, could then 
be plotted on Fig. 3. 


Results from Wright Field exposures!® are also plotted. These give a point 
at 60 min, which represents tolerance for 7 experiments, and an average toler- 


} 
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ance time of 39 min obtained in 5 other experiments. These tolerance times 
were also entered at an ambient temperature (at 0.8 in. Hg vapor pressure) 
equivalent in physiological effect to those of the actual exposure. An equation 
of equivalence, given in the reference cited, was used to make the necessary 
conversions. 

The plots of Fig. 3 show that there is fair general agreement between the 
three sets of data, although it should be noted that the 39 min tolerance point 
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Fic. 3. Contours oF INDEX AND TOLERANCE TIME. 

BRACKETS AND ARROWS INDICATE RANGE AND MEANS 

oF UCLA TOLERANCE TIMES; SOLID CIRCLES, McCon- 

NELL ET AL® (SEE TEXT FOR EXPLANATION); SOLID 
SQUARES, TAYLOR ET AL!° 


from the Wright Field data is apparently at variance. There is no immediate 
explanation for this discrepancy. The cross-shaded area represents a zone, 
within which individuals will reach tolerance at some time depending upon 
motivation, state of fitness, and numerous other factors which are as yet obscure. 
No attempt has been made to formulate the shape of the curve, nor has a safe 
tolerance line been established, beyond that implied in the inner limit of the 
shaded area. Such a tolerance limit will be offered when more experimental 
results have been accumulated. 

It should be emphasized that the tolerances strictly apply only to the con- 
ditions of the experiments, particularly with respect to the limited humidities. 
Advantage, however, may be taken of the general agreement with A.S.H.V.E. 
and Wright Field results to extend the tolerance lines to other temperature and 
humidity combinations, with the aid of the criteria of equal effect explained in 
the original papers. 
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DISCUSSION 


E. F. DuBois}, M.D., New York, N.Y. (WrittEN): This is a valuable study of 
short exposures. The experimental method employed is difficult and not without danger, 
and it will be hard to get more volunteers as subjects. If more men were studied, 
there would undoubtedly be wide variations and probably instances of very low 
tolerance times. With longer exposures, the rectal temperature would certainly take 
on more importance. When the skin and inspired air are warmer than the interior 
of the body, there is obviously no method of dissipating the heat produced within the 
body. 

It would be interesting to follow the efficiency of the subjects during these exposures 
and determine the length of time that a man would be in shape to pilot a plane. The 
impairment of efficiency in dry and humid heat is a limiting factor in airplanes and 
submarines. 


A. P. Gacce*, Dayton, Ohio. (WritTtEN): The authors are to be congratulated 
on the work reported here, for their courage in undertaking it, for their ingenuity 
in the design of their experiments and their necessarily complex equipment, and 
for the exhaustive analysis and integration to which they have subjected their data. 
Especially noteworthy is the authors’ success in correlating significant physical and 
‘physiological variables. 


t+ Emeritus Professor of Physiology, Cornell Medical College. 


* Lt. Colonel, MSC (USAF), Chief, Aero Medical Operations, Aero Medical Laboratory, Engineering 
Division, Wright-Patterson Air Force Base. 
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It would appear that these authors have been handicapped by the lack of physiologi- 
cal and psychological definitions of tolerance, as are most workers in the fields of 
stress physiology and psychology. It is remarkable that good correlations have been 
found which are based on an admittedly arbitrary and incomplete definition of tol- 
erance. From the existence of these correlations, and others like them, it is possible 
to hope that more complete definitions of tolerance, which are based on appraisals 
of both physiological and psychological factors, may be forthcoming in the not too 
distant future. But the realization of this hope will require the concerted efforts of 
physiologists and psychologists. It is likely that the most troublesome impediment 
to this goal will be the lack of quantitative measures of motivation. 

There is much need for the type of study carried out by these authors, and it is 
hoped that their contributions to basic and applied science will continue. It will be 
interesting to follow the extension of this research, and its application to industrial 
and military situations, to see what relation the tolerance, as defined here, bears to 
what might be termed operational tolerance. Now that their major problems of 
equipment and technique are behind them, the authors may wish to devote time and 
thought to the possibilities of making their results generally applicable to industrial 
and military problems, and toward finding the factors which cause the deviations 
between their index curves and the tolerance curve. 


L. P. Herrincront, New Haven, Conn. (WrittEN): This very useful study 
fills an important gap in the data of industrial medicine and hygiene. Many 
industrial processes require the heating engineer to provide, in local spaces, tem- 
perature conditions which are known to be completely beyond the steady state 
adjustment possibilities of human temperature regulation. Although industrial medi- 
cal consultants have recognized that, as a class, individuals with a history of circula- 
tory impairment should not be permitted to take even short exposures at tempera- 
tures beyond 100 F, this has not solved the more general problem of a sensible 
exposure rule for average personnel. 

Under such circumstances, casual worker experience has established certain rough 
conventions with respect to exposure time which work very well as local rules, but 
are of little use to the designer or consultant requiring systematic information. 

The straightforward approach to this problem by Blockley and Taylor has resulted 
in our first systematic data on short term human heat tolerance. The investigation 
has obviously been conducted with a high degree of scientific competence, and very 
adequate technical equipment. 

The decidedly unpleasant and strenuous nature of the human experience required 
to record these data, no doubt, is in large part responsible for the fact that it is 
not possible to match this report with earlier data of equal value. Under these 
circumstances, perhaps it is ungenerous to suggest further work which would be of 
industrial interest. However, we may hope that these experimenters may give us 
future results in which water vapor content is varied over a wider range. The 
thermal shock of high vapor content at elevated temperatures must be considerable, 
and is subjectively rather different from that experienced in low humidity. How- 
ever, the present report deals most constructively with what is by far the most 
important issue; namely, tolerance time for limited exposure to hot and relatively 
dry atmospheres. 

Management, medical, or engineering personnel who may find a use for these 
results should be warned that there is a vast difference between tolerance time as 
here determined and permissible recurrent exposure time. All such exposures are 
dyshygienic in character, and are to be discouraged in principle. What we have in 
these data are upper limits which can be reached by men in good condition, and it is 
extremely valuable to have this reference point. In practice, the limitation of 


t Director of Research, John B. Pierce Foundation, Laboratory of Hygiene. 
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occasional exposure to 25 percent of these limits, and repeated exposure to 10 percent, 
might be suggested. While this is arbitrary as to percentages suggested, it is in 
agreement with the sound hygienic principle of working near the lower rather than 
the upper limit of safety. 


C. M. Humpureys, Cleveland, Ohio. (WrittEN): The authors are to be con- 
gratulated for presenting a paper which adds considerably to our knowledge on 
human tolerance of hot environments. 

Through the medium of the effective temperature concepts, the authors have com- 
pared their results with those obtained a number of years ago by W. J. McConnell, 
F. C. Houghten, and C. P. Yaglou at the A.S.H.V.E. Laboratory, and excellent 
correlation was obtained. Fig. 3 of the paper shows this correlation between air 
temperatures of approximately 180 to 240 F, or 106 to 114 F E.T. (effective tem- 
perature). Additional data which were given in the A.S.H.V.E. Laboratory paper 
would permit the extension of the smooth curve of Fig. 3 to a dry bulb temperature 
of 143 F, (98.2 E.T.) and an exposure time of almost three hours. This is just 
one more unexpected verification of the upper region of the effective temperature 
chart. 

An unsuccessful attempt has been made to correlate the results presented in this 
paper with those obtained in the work which was done for the U. S. Navy and 
presented to the Society in 1946. However, the lack of correlation is not surprising. 
The Navy investigation was made_to determine the most severe conditions under 
which the average man could remain alert and active throughout a 4-hr watch. 
Therefore, the subjects were active, not seated at rest, and the limiting values for 
pulse rate and temperature were set somewhat lower. 

It was found in the work done for the Navy that the degree of acclimatization 
acquired had a marked effect upon the ability of the subjects to endure the condi- 
tions imposed. I should like to ask the authors if any attempt was made to 
acclimatize their subject to hot environment prior to the series of tests reported in 
the paper. If not, then it would seem reasonable to believe that the acclimatization 
acquired during the early part of the testing program may have materially increased 
the endurance times determined in the latter part of the program. 


C.-E. A. Winstow, New Haven, Conn. (WritTEN): The authors have added to 
our knowledge of the influence of temperature on human life by a well-planned study 
of the ultimate tolerance limits of lightly dressed subjects at rest exposed to extremely 
high dry-bulb temperatures—far beyond the ranges which have ordinarily been 
observed. 

Of particular interest are the very high correlations of mean skin temperature and 
heart rate with air temperature (over 0.9 in each case). It is significant, too, to 
note in Fig. 2 the fact that, at 140 F and even to less extent, and at 160 F, the index 
of physiological strain plotted against time levels off for the first half hour, no 
doubt as a result of increased evaporative efficiency. 

It is a striking observation that, after exposure to about 240 F air temperature for 
24 min, the rectal temperature should have reached 100.8 deg, the mean skin tempera- 
ture, 105.0 deg, and the heart rate, 150 beats. High humidity, of course, would 
even further decrease the tolerance times observed. 


AvutHors’ CLosure: In reply to the suggestions of several of the discussers, we 
hasten to state that the omission of studies of the effect of humidity in the first group 
of experiments reported here was due merely to the lack of humidity control equip- 
ment. This has been remedied, and a systematic exploration of humidity effects over 
the practical range of climatic vapor pressures, 0.4 to 1.4 in. Hg., is in progress 
during the present year, 1948-49. Results show the familiar thermo-mimetic effect 
of humidity which can be expressed either in equivalent temperature lines on a 
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psychrometric chart or in rational quantitative expressions of sensible and latent 
heat transfer. 

Dr. DuBois and Colonel Gagge indicate the desirability of making observations on 
functional properties during exposure to heat. It is our plan to attempt first the 
formulation of biophysical and physiological tolerances, then to study sensory, motor, 
and intellective functions as affected by the thermal environment. If it is found that 
significant decrements occur in advance of the physiological signs and criteria, a 
redefinition of tolerance may be indicated for specific operational situations. In the 
program for 1949-50, investigations of these questions are planned. 

The comment of Dr. Herrington on short term tolerance brings out a fact worthy 
of further remark: namely, that the investigation of high temperature tolerance is 
basically one of the transient state of human thermal adaptation. Previous investiga- 
tions, such as those of the Russell Sage and the Pierce Laboratories, have been 
chiefly devoted to the steady state, and understandably so, because the practical ends 
in view have concerned adaptations to thermal exposures of hours in duration. Here, 
however, time limits are critical, and rates of change in the various modes of 
adjustment strongly affect individual tolerance times. This situation necessitates 
special treatment of instrumentation, experimental procedure, and analysis of data to 
elucidate the transient state. We are giving special attention to the time course of 
events in treating our present results. 

The index cited in the paper simply refers to a combination of heart rate and skin 
temperature which has shown validity in plotting the individual’s response to heat. 
This index, however, is not to be extrapolated beyond the present data. It is in no 
sense to be regarded as a final criterion of the magnitude of internal thermal strain, 
nor as a perfected tool for rating the tolerability of environments. Much more work 
must be done before a trustworthy guide of this sort can be offered. 

We prefer to consider our subjects, who have had from five to ten exposures to 
the heat, as habituated. To what extent this condition approaches the acclimatized 
state referred to by Mr. Humphreys, we do not know. Experiments and observa- 
tions on acclimatization commonly involve weeks and months of exposure, and, 
usually, the added stress of exercise. We have data on several subjects at present 
and will gather further observations on the process of habituation to extreme tem- 
perature. 
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HEAT GAINS ARE NOT COOLING LOADS? 
By C. O. Macxey* anv N. R. Gay**, ItHaca, N. Y. 


OOLING loads are commonly calculated as if the energy transferred from 

lights, appliances, occupants and warm surfaces and through glass found 
its way into the air immediately and without reduction. Part of the energy 
emitted from such sources is in the form of radiation and part is in the form 
of heat transferred directly to the air by convection. If remote surface cooling 
of the conditioned air is used (cooling coils or spray chambers), only the 
convected energy is an immediate and direct cooling load. 

Radiation emitted from the sources mentioned is incident upon various 
surfaces, such as floors, walls, ceilings, and furnishings within the enclosure. 
The direct absorption of this radiation by carbon dioxide and water vapor and 
the heat storage capacity of the air are usualiy negligible in relation to the other 
effects under consideration. 

Radiation incident upon surfaces which do not transmit radiation directly is 
largely absorbed, but partly reflected, at these surfaces. The energy absorbed 
may then be (1) stored in the materials with accompanying rise of temperature, 
(2) conducted through the materials in the direction of decreasing temperature, 
(3) transferred by radiation to other surfaces at lower surface temperatures, 
or (4) transferred by convection to the room air when the temperature of the 
surface exceeds that of the air. 

If there is no direct cooling such as is obtained when cold panels in the con- 
ditioned space absorb radiation emitted by the primary source, only the heat 
transferred by convection from the secondary absorbing surfaces to the room 
air is an immediate cooling load in that space. It is evident that a unique 
energy balance must exist before the cooling load within the enclosure is equal 
to the rate of energy emission from primary sources therein. 


7 This study has been made at the suggestion of the Technical Advisory Committee on Cooling 
Load—W. E. Zieber, chairman; C. M. Ashley, R. D. Blum, W. F. Friend, R. H. Heilman, H. W. 
nen, R. C. Jordan, C. F. Kayan, J. N. Livermore, R. H. Lock, C. O. Mackey, J. P. 
itewart. 

* Professor of Heat-Power Engineering, Cornell University. Member of A.S.H.V.E. 

** Associate Professor of Heat-Power Engineering, Cornell University. ; 

Presented at the Semi-Annual Meeting of THe American Socrery or HEATING AND VENTILATING 
Encineers, Minneapolis, Minn., June 1949. 
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SToRAGE EFFECTS 


Because large quantities of energy are stored in furnishings and building 
materials, this unique energy balance seldom exists, and the cooling load at a 
given time is seldom the same as the instantaneous total rate of energy emission 
from the various sources. Therefore, heat gains are not cooling loads. 

The common building with its furnishings approaches a constant-temperature 
energy reservoir. Large quantities of energy are stored with small tempera- 
ture rise because of the high product of weight and specific heat of the building 
materials and furnishings. 

For example, assume a total rate of energy emission from all sources within 
an enclosure of 60 Btu per hour for each square foot of floor space. Assume 
that one-half of this energy is emitted as radiation and one-half immediately 
transferred to the air by convection; the furnishings and bounding materials of 
construction might easily weigh 150 lb per square foot of floor space and have a 
specific heat of 0.2 Btu per pound per Fahrenheit degree. If all the energy 
emitted by radiation within the space were stored, the temperature of the 
storing materials would rise at the average rate of only 1 deg per hour. 

Available information on cooling loads consists almost entirely of the total 
rates of emission of energy by various sources. In short, the engineer has little 
information on cooling loads. He may be able to find (1) the rates of 
emission of energy from lights, appliances, people, and warm surfaces and (2) 
the rate of transmission of energy by glass. Even if he realizes that appreciable 
portions of this energy are in the form of radiation, he has little data from which 
to estimate real cooling loads. Not only is he handicapped in the determination 
of capacities of equipment but when the possibilities of pre-cooling and after- 
cooling are considered, he has little data concerning the most economic or 
optimum method of operating the equipment installed. 

So many variables, in addition to the energy release rates at that time, 
influence the true cooling load at any particular time that the determination of 
cooling load does not lend itself to an exact analytical approach. It is not the 
purpose of this paper to develop any general, analytical method of solution. 
Instead, a few examples with simplifying assumptions will be presented and 
true cooling loads will be estimated and compared with instantaneous rates of 
emission of energy. From these examples, tentative general conclusions will be 
drawn, but it must be admitted at once that much more study would be necessary 
before these conclusions would be completely adequate and entirely sound. 


Sources OF ENERGY EMISSION 


For purposes of estimating cooling loads, sources of energy emission within 
an enclosure may be divided into two groups. One group might include the 
sources from which the rate of energy emission remains substantially constant 
with respect to time—the steady source. In this group might be placed, for 
first analysis, peofle, lighting, and appliances. The second group might include 
the sources from which the rate of energy emission varies with respect to 
time—the unsteady source. In this group might be placed warm interior 
surfaces of walls or ceilings and glass areas transmitting solar radiation. If the 
design day is to be repeated in cyclic fashion, these unsteady sources may 
generally be classified as periodic with a period of 24 hours. 
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Steady Sources of Energy: Among the common sources of energy that are 
usually assumed to be steady in estimating cooling loads are appliances, lights, 
and people. Some attention has been given to the relation between the rate 
of input of electrical energy to lights and the resulting cooling load. Measuring 
cooling loads in a Detroit office building, J. N. Livermore! concluded that: 


. in calculating the cooling load due to lighting, there should be a time lag 
allowance for heating up of building materials with a varying proportion of the 
energy input going airectly to the atmosphere. 

Mr. Livermore also found that the greatest apparent differences between 
true cooling loads and instantaneous rates of energy emission occurred with 
heavy lighting loads. The calculated peak loads were generally found to be 
higher than the measured loads. 

In interesting studies of a pioneering nature, C. S. Leopold?, employing 
simplifying concepts, has used an hydraulic analogue to determine the relation 
between cooling loads and instantaneous rates of energy input to lights in 
specific examples. 

The authors have used the mathematical equivalent of the analogue, desig- 
nated as the Schmidt method, in three specific examples of steady sources 
of energy emission. 


EFFect oF LIGHTING LoaD 


Example 1: A lighting load with a steady rate of input of electrical energy of 
11.6 Btu per hour (3.4 watts) for each square foot of floor area was analyzed. Fol- 
lowing Mr. Leopold, the authors assumed the lighting to be located in each floor 
of a multi-story building with infinite extent of floors and ceilings (no walls). It 
was assumed that 20 percent of the energy input to the light was absorbed by the 
ceiling surface, 47.1 percent by the floor surface, and that 32.9 percent was transferred ‘ 
directly to the air of the enclosure. The floors were assumed to be of cinder concrete 
10 in. thick with a thermal conductivity of 0.41 Btu per (hr) (sq ft) (F deg per ft) 
and a thermal diffusivity of 0.02 sq ft per hour. 

In the solution of the partial differential equation of heat conduction in the unsteady 
state, the floor was divided into six slabs. A constant convection film coefficient of 
heat transfer of 0.25 Btu per (hr) (sq ft) (F deg) was assumed for the ceiling to 
air and 0.50 Btu per (hr) (sq ft) (F deg) for the floor to air. The rate of exchange 
of radiant energy between floor and ceiling was assumed to be 1 Btu per (hr) (sq ft) 
for each degree of temperature difference. The boundary equations for floor and 
ceiling surfaces were energy balances. Details of calculations are not included in 
this paper. 

At the instant of first input of energy to the lights, the entire structure and the 
air were assumed to be at the same temperature, 75 F. It was assumed that con- 
ditioned air was supplied in such state and rate as to maintain a steady air temperature 
of 75 F. 

Results of the calculation are shown in Fig. 1. One significant fact shown in 
the figure is that eight hours after the lights are turned on, the cooling load is only 
+f 6 or 0.595 times the instantaneous rate of energy supply to the lights. It should 
be noted, however, that the operative temperature of the environment is increasing 
with time. Although the temperature of the air is constant, the mean radiant 
temperature of the enclosure increases as the temperatures of the floor and ceiling 
surfaces rise. 


1 Exponent numerals refer to References. 
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Occupancy Loap 


Example 2: The cooling load resulting from human occupancy was studied in this 
specific case. The rate of sensible heat emission per occupant was assumed to remain 
steady at 200 Btu per hour, one-half of which was assumed to be transferred directly 
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Fic. 1. TEMPERATURES AND HEAT Fic. 2. TEMPERATURES AND HEAT 
TRANSFER RATES FOR Example 1 TRANSFER RATES FOR Example 2 


Multi-story building with 10-in. cinder Steady load from human occupancy of 
concrete floors (no walls) ; Steady light- enclosure similar to theater; Steady air 
ing load temperature 


to the air, while one-half was radiated to the surrounding surfaces of the enclosure. 
The temperature of the air was assumed to be held constant at 80 F by the supply 
of conditioned air and at the first instant of occupancy, the temperature of the 
entire structure was assumed to be 80 F. The area of the enclosing surface was 
assumed to be 20 sq ft per person, similar to conditions in a theater, and the 
enclosing material was assumed to have an average thickness of 6 in. with a 
volumetric specific heat of 30 Btu per (cu ft) (F deg). The temperature of the 
remote surface of the enclosure was assumed that of an adiabatic surface (no transfer 
of heat). The average value of the film coefficient of heat transfer by convection 
from enclosing surface to air was assumed to be 0.4 Btu per (hr) (sq ft) (F deg). 
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The results of the calculation are shown in Fig. 2. At the end of eight hours, the 


cooling load is only 130 -or 0.65 times the rate of emission of energy per occupant. 


With the temperature of the enclosing surface rising as the temperature of the 
air remains constant, a steady condition of comfort would not be maintained; the 
operative temperature of the environment would rise. 
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Fic. 3. TEMPERATURES AND HEAT 
TRANSFER RATES FOR Example 3 


Steady load from human occupancy of 
enclosure similar to theater; Steady op- + 
erative temperature 


STEADY OPERATIVE TEMPERATURE 


Example 3: This example is presented as a study of coolirig load associated with 
the maintenance of a steady operative temperature rather than a steady air tem- 
perature. It was assumed that a steady operative temperature of the enclosure of 
Example 2 might be maintained by keeping the sum of the air temperature and the 
temperature of the enclosing surface equal to a constant value. In other words, cooling 
was assumed to be provided in the amount necessary to lower the air temperature one 


: 
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degree for each degree rise in temperature of the enclosing surface. The results of 
this calculation are shown in Fig. 3. At the end of eight hours, the cooling load in 


or 0.75 times the rate of emission of energy per occupant. 


150 
this case is 


From these examples and other considerations, the authors conclude that the 
true cooling load resulting from a steady source of energy either stored or trans- 
ferred to the air may be represented by the following equation: 


where 
L = cooling load, Btu per hour. 
E = steady rate of energy emission from source of load, Btu per hour. 
fc = fraction of E that is transferred directly to air (principally by convection 
from source). 
fr = fraction of E that is radiated to and absorbed by enclosing surfaces. 
R = retransfer factor, or the fraction of {rE which is transferred to the air. 


To estimate true cooling load resulting from a steady source of energy 
requires a knowledge of fe, fr and R in addition to E. Current conventional 
methods of estimating cooling load are equivalent to assuming that R= 1. If 
at the instant of the beginning of energy emission from steady source the 
temperature of the entire storage material equals the air temperature, the 
true value of R depends (in a complex way) upon the following principal 
variables : 


1. Time @ after beginning of emission of energy. 

2. Average thickness x of enclosing and storing material. 

3. Average thermal conductivity k of enclosing material. 

4. Average volumetric specific heat C of enclosing material. 

5. Average film coefficient A of heat transfer by convection from storage surface 
to air. 


The relationship between R and these variables will never be represented 
by any equation sufficiently general to apply in all possible cases. In Appendix 
A limiting values of R are derived for a case of uniform storage. It is 
assumed that all energy emitted from the steady source is either stored or 
transferred to the air. In this case, the storing material is assumed to have an 
infinitely large thermal conductivity so that the temperatures at various points 
in the material are assumed to be the same at a particular time. As a result of 
this assumption the temperature of the enclosing surface at any time is lower 
than would actually exist and consequently yields a minimum value of R. 

One limiting value of R is for the case where a steady operative temperature 
of the environment is maintained by reducing the air temperature as the surface 
temperature rises. Then, the minimum retransfer factor is 

1 


where 


e = Naperian base of logarithms 
2h0 
y Cx 


OO 
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Another limiting value of R is for the case where a steady air temperature 
is maintained. Then, the minimum retransfer factor is 


1 


=l1- 

In the equation for y, the variables h, @, C, and x are expressed in units that 

will make y dimensionless; commonly, / is in Btu per (hour) (square foot) 

(Fahrenheit degree) ; @ is in hours; C is in Btu per (cubic foot) (Fahrenheit 
degree) ; and x is in feet. 
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Fic. 4. CHART FOR ESTIMATING VALUE OF RE- 
TRANSFER FACTOR R 


Values for the retransfer factors R,; and R, are shown in Fig. 4. In this 
figure are also shown the actual retransfer factors found in Examples 1, 2, and 3. 
A constant operative temperature was maintained in Example 3 and a constant 
air temperature in Examples 1 and 2. The actual retransfer factors obtained 
in Examples 1 and 2 lie above R, for any value of y, and the actual retransfer 
factors in Example 3 lie above R,;. The reason for this is that uniform 
storage was not assumed in working the examples. Unsteady state conduction 
of heat through a material with finite conductivity and with a temperature 
gradient was going on. With these conditions, the surface temperature at a 
particular time reaches higher values than with uniform storage. 

Fig. + is presented as a guide in estimating a reasonable value for the 
retransfer factor in any actual case. It is clear that this factor is significantly 
smaller than 1.0. The analysis does not show the effect of pre-cooling or of 
conduction of heat out of the enclosure. Obviously, smaller values of R may 
be used if the material of the structure is cooled before the beginning of energy 
emission, or if heat is conducted out of the enclosure. 


| 


420 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Summarizing : In Equation 1 the value to be assumed for the retransfer factor 
R will be low for: pre-cooling; conduction of heat away from enclosure; high 
values of k, C, and x; and low values of h and @. 

Periodic Sources: Among the important periodic sources of cooling load are: 
(1) energy transferred through roofs and walls; (2) energy transferred 
through sunlit glass. Specific examples are presented to illustrate the difference 
between instantaneous rates of heat transfer from the room side of horizontal 
roofs and the true contributions to the cooling loads from such heat transfers. 


In THe Guipe, the instantaneous rate of heat transfer from horizontal roofs 
is estimated by means of the foilowing equation: 


=U (tm — ti) + 2U (te* — om) 
where 


= instantaneous rate of heat transfer, Btu per (hour) (square foot). 


tm = average daily sol-air temperature for the locality, solar absorptivity of 
roof surface, and outdoor air film coefficient of heat transfer, Fahrenheit 
degrees. 

t; = constant indoor air temperature, Fahrenheit degrees. 

te* = sol-air temperature at a time earlier than the time for which the rate of 

heat transfer is being found by an amount equal to the time lag of the 

roof, Fahrenheit degrees. 

amplitude decrement factor with a value that depends upon the thickness 

and material of the roof.* : 


» 
i] 


The values of A are based on charts which use an outdoor air film coefficient 
of heat transfer of 4.0 Btu per (hr) (sq ft) (F deg) and an indoor surface 
coefficient of heat transfer by radiation and convection of 1.65 Btu per (hr) 
(sq ft) (F deg). If these same values are used in calculating the overall 
coefficient of heat transfer, 


U= SIL Btu per (hr) (sq ft) (F deg) 


where 


L 
) , i thermal resistance to conduction of heat of roof materials. 


The corresponding value of the temperature of the room side of the roof is 


=f 
te & + 0.606 — 


When the temperature of the air in the enclosure is held constant, this 
calculated value of heat transfer may fail to represent the true cooling load 
from the roof at any particular time if any of the energy radiated from the room 
side of the roof is being stored in absorbing materials or conducted from the 
enclosure to any heat sink outside the building. Also subject to question is the 


* Heatinc, Ventitatinc, Air Conpitioninc Guipe, 1949, 15, Taste 12, p. 289. 


A 


Heat Gains ARE Not Loans, By MACKEY AND GAy 421 


value of 1.65 for the so-called “combined” surface coefficient of heat transfer. 
For the levels of temperature and the materials involved, the rate of energy 
transfer by radiation to the surfaces surrounding the ceiling is substantially 
(t-—ts) Btu per hour per square foot per Fahrenheit degree, where ts repre- 
sents the average temperature of the absorbing surfaces. McAdams? recom- 
mends the following equation for surface coefficient of heat transfer by con- 
vection from warm ceiling to cooler air: 


h = 0.2 (te — tj) °-?5 Btu per (hr) (sq ft) (F deg) 


There is no doubt that the convection transfer from the ceiling is a direct 
cooling load, but depending upon the value of the retransfer factor, only part 
of the energy radiated from ceiling to surroundings may be cooling load. 


EFFect oF HEAT STORAGE AND CONDUCTION 


Example 4: This example shows how the cooling load may be far less than 
the instantaneous rate of heat transfer from the room side of the roof. This is 
caused by the combined effects of (1) storage of energy in absorbing materials, and 
(2) conduction of heat to a heat sink outside the enclosure. 

In this example, the building consists of a single story with indefinite extent of 
roof and floor and no walls. All energy radiated from the ceiling is assumed to be 
absorbed by the floor. The assumed roof construction is 2 in. concrete and 1 in. 
rigid insulating board. The floor is assumed to be a 10-in. slab of cinder concrete 
(k = 0.41 Btu per (hr) (sq ft) (F deg per ft) ; thermal diffusivity = 0.02 sq ft per 
hour) directly on the ground; the earth side of this floor slab is assumed to remain 
at 55 F, and the temperature of the air is assumed to be constant at 80 F. 

The temperature of the ceiling was calculated from sol-air temperature data in 
the conventional manner (solar absorptivity = 1.0; \ =— 0.85; U = 0.2; time lag 
= 1.5 hours; locality, New York). The floor was divided into 5 slabs. The Schmidt 
method was used to determine the effects of heat conduction in the unsteady state. 
Results are shown in Fig. 5. 

At the time of maximum true cooling load (2:30 p.m.), it is interesting to note 
the following : 


1.65 (te — 80) = 1.65 (88.2 — 80) 


13.5 Btu per (hour) (square foot) 


Conventional estimated load 


(88.2 — 80) + 0.2 (88.2 — 80)!-25 
11 Btu per (hour) (square foot) 


True rate of transfer of heat from ceiling to air and floor 


(88.2 — 77.2) + 0.2 (88.2 — 80)!-25 
13.8 Btu per (hour) (square foot) 


True cooling load, ceiling and floor convection 


= 0.2 (8.2)!-25 — 0.2 (2.8)1-25 
= 2.0 Btu per (hour) (square foot) 


Rate of conduction of heat into ground 


= 10.1 Btu per (hour) (square foot) 


= 
H 
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Rate of storage of heat in floor slab 
= 1.7 Btu per (hour) (square foot) 


Example 5: For the purpose of presenting the effect of storage alone without any 
transfer of heat away from the enclosure, Example 5 is chosen to represent another 
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Fic. 5. TEMPERATURES AND COOLING LOAD FOR 
Example 4 


Single-story building; 10-in. cinder concrete floor 
slab on ground 


building, without walls, and with a roof slab of 4 in. cinder concrete and a floor 
slab of 6 in. cinder concrete. The temperature of the air is assumed constant at 
80 F. The under side of the floor slab is assumed to be an adiabatic surface across 
which no heat is transferred. Sol-air temperatures and a solar absorptivity of 0.7 
were taken for New York. In this example, the transfer of heat is studied entirely by 
means of the Schmidt method, and no previous calculations other than sol-air tem- 
perature are required. The results are shown in Fig. 6. 
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At the time of maximum cooling load (2:30 p.m.) the following instantaneous rates 
are of interest, such as the rate of: 


Entry of heat into weather surface of roof = 23.6 Btu per (hour) (square foot). 
Transfer of heat from ceiling to air = 12.8 Btu per (hour) (square foot). 
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Fic. 6. TEMPERATURES AND TRANSFER RATES FOR 
Example 5 


4-in. cinder concrete roof slab; 6 in. cinder concrete floor 
slab with adiabatic remote surface constant air temperature 


Radiation of energy from ceiling to floor = 15.4 Btu per (hour) (square foot). 
Storage of energy in roof material = —4.6 Btu per (hour) (square foot). 
Retransfer of heat from floor to air = 9.3 Btu per (hour) (square foot). 

True cooling load = 12.8 + 9.3 = 22.1 Btu per (hour) (square foot). 

Rate of storage of energy in floor = 6.1 Btu per (hour) (square foot). 
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9.3 
Ratio of retransfer from floor to radiation from ceiling = — = 0.6. 


15.4 


At the time of maximum cooling load, 60 percent of the radiation emitted by 
the ceiling is being retransferred to the air by the floor surface and 40 percent is 
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Fic. 7. TEMPERATURES AND HEAT TRANSFER RATES 
FoR Example 6 


4-in. cinder concrete roof slab; 6-in. cinder concrete floor slab 
with adiabatic remote surface ; constant operative temperature 


going into storage in the floor. When the enclosure is in heat exchange relationship 
only with outdoor air and sun (as in this example), the heat transferred in 24 hours 
from the ceiling and floor to the air must be the same as the heat transferred from the 
ceiling to the air and floor in that time. 

If, at some times, the cooling load is less than the instantaneous rate of transfer of 
heat from the ceiling, at other times this situation must be reversed. As Fig. 6 shows, 
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the retransfer factor is exactly 1.0 at two times of day, about 8 a.m. and 6 p.m. 
During the day, between 8 a.m. and 6 p.m., the retransfer factor is less than 1.0. Dur- 
ing the evening, between 6 p.m. and 8 a.m., the retransfer factor is greater than 1.0. 


Example 6: Although the temperature of the air is held constant at 80 F in 
Example 5, a steady operative temperature is not being maintained in the enclosure 
because of the varying temperatures of the ceiling and floor. Example 6 is the 
same building as Example 5 with a constant operative temperature of 80 F instead 
of a constant air temperature of 80 F. The operative temperature is assumed to be 
equal to the sum of one-fourth of the temperature of the ceiling, one-fourth of the 
temperature of the floor, and one-half of the temperature of the air. In other words, 
attention is given to the effect of mean radiant temperature upon comfort. The 
results are shown in Fig. 7. At the time of maximum cooling load (2:30 p.m.), the 
following instantaneous rates are of interest, such as rate of: 


Entry of heat into weather surface of roof = 28.4 Btu per (hour) (square foot). 
Transfer of heat from ceiling to air = 17.5 Btu per (hour) (square foot). 
Radiation of energy from ceiling to floor = 16 Btu per (hour) (square foot). 
Storage of energy in roof material = —5.1 Btu per (hour) (square foot). 
Retransfer of heat from floor to air = 15.7 Btu per (hour) (square foot). 
True cooling load = 17.5 + 15.7 = 33.2 Btu per (hour) (square foot). 

Rate of storage of energy in floor = 0.3 Btu per (hour) (square foot). 


15. 
Ratio of retransfer from floor to radiation from ceiling = 6 = 0.98. 


In this example, the instantaneous cooling load is never significantly different from 
the instantaneous rate of heat transfer from ceiling to air and floor. In other words, 
the retransfer factor is never significantly different from 1.0. 


CoNCLUSIONS 
Steady Sources of Energy Emission 


1. The instantaneous contributions to the cooling load from steady sources of 
energy emission having appreciable components of radiation (such as lights, people, 
and appliances) may be significantly less than the instantaneous rates of energy 
emission. 

2. Sufficient examples with simplifying assumptions have been presented to permit 
a reasonable estimate of the retransfer factor. It is suggested that Equation 1 and 
Fig. 4 be used to estimate cooling loads from steady sources. 

3. Additional information that might be compiled to assist in the estimate of 
cooling loads from steady sources consists of the fraction of the energy emission in 
the form of convection and the fraction in the form of radiation. 


Periodic Sources of Energy Emission 


1. The instantaneous contributions to the cooling load from sources of periodic 
energy emission like roofs, walls, and sunlit glass may be less than the instantaneous 
rates of energy emission at the time of maximum cooling load. 

2. The instantaneous cooling loads may be appreciably less than the instantaneous 
rates of energy emission under the following conditions: (a) when pre-cooling or 
after-cooling is used, (b) when a constant air temperature. is maintained, and (c) 
when any appreciable portion of the structure is in heat exchange relationship with a 
relatively cool heat sink, like the ground, in addition to being in heat exchange 
relationship with the sun and outdoor air. 

3. If a steady operative temperature is maintained by lowering the temperature 
of the air as the mean radiant temperature of the enclosure rises, the instantaneous 
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maximum cooling load may not be significantly less than the instantaneous rate of 
energy emission at the time of maximum load. 

4. More study should be given the problem of estimating cooling loads from 
sources of periodic energy emission. 


APPENDIX A 
The following symbols are used: 


E = steady rate of energy emission, Btu per (hour) (square foot of floor space). 
L = actual cooling load at any time, Btu per (hour) (square foot of floor space). 
A = area of storage surface per square foot of floor, square feet. 
fc = fraction of E that is transferred directly to air. 
fr = fraction of E that is radiated to and absorbed by enclosing surface. 
t = temperature of storing surface at any time, Fahrenheit degrees. 
ta= temperature of air at any time, Fahrenheit degrees. 
x = average thickness of storage material, feet. 
Ax = volume of storage material per square foot of floor, cubic feet. 
C = volumetric specific heat of storage material, Btu per (cubic foot) (Fahren- 
heit degree). 
h = average film coefficient of heat transfer by convection from storage surface 
to air, Btu per (hour) (square foot) (Fahrenheit degree). 
6 = time after beginning of steady energy emission, hours. 


Special assumptions: all energy radiated from steady source is either stored or 
convected to room air; no temperature gradient in materials storing energy. The 
latter assumption, the equivalent of assuming the storage material to have an 
extremely large thermal conductivity, may be regarded as a limiting case only. 


Energy balance 


= hA (t-te) + CAx & yas ous, 


6 t 
dt 
0 to 


Special cases of integration: Case 1. Assume that comfort is maintained by 
having the temperature of the air decrease one degree for each degree of increase in 
the temperature of the surface of the enclosure. 


Comfort equation 


where K is a constant. 


Integration of Equation A2 under the conditions imposed by Equation 43 gives 


f 


— 2hA tao — frE (ey — 1) + AAK (e¥ — 1) 


and 


. 


fa DhA ev 
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where 


The contribution to the cooling load from the energy radiated from the steady 
source is 
hA (K — 2tao) + frE (eY — 1) 


Ly =hA (t — ta) = (A6) 


If it be assumed that, at @ — 0, the uniform temperature of the storage material 
is the same as that of the air at that time (or ts = tac), and if the comfort equation 
is satisfied at that time, 


frE (eY — 1) 
Ly = 


The ratio of this instantaneous contribution to the cooling load to the instantaneous 
rate of energy emission by radiation from the steady source is 


Lr 


Case 2. Assume that the temperature of the air in the enclosure is held constant. 
Integration of Equation A2 under the new conditions gives 


+ frE — 1) + hA ta — 1) 


t 


The contribution to the cooling load from the energy radiated from the steady 
source is 


_ (to — ta) + frE — 1) 


Lr = hA (t — ta) 4 


If it be assumed that, at 6 = 0, the temperature of the storage material is the 
same as that of the air at that time (or to = fa), : 


The ratio of this instantaneous contribution to the cooling load to the instantaneous 
rate of energy emission by radiation from the steady source is 
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DISCUSSION 


Lester T. Avery, Cleveland, Ohio (Written): Mr. Herb Heisterkamp poses the 
question as to the ability of walls, particularly insulated walls, to hold the water 
vapor accumulated during the cool night season which acts as an evaporative cooler 
during the warm day. He suggests that this storage ability for water and its 
re-evaporation has a lot to do with the very low cooling loads required for residential 
work. 

The points raised by the authors on heat gains figured for cooling loads are 
very much in order. We have suspected that in figuring the full load as to lights, 
people and cther fluctuating loads, particularly sun load, that we did not have all the 
maximum loads occurring at one time. The compensating error in figuring loads is, 
of course, the general one that we talk about 80 F and 50 percent relative humidity 
for inside design when it is 95 F, or 74 ET outside. We actually carry much 
lower temperatures, between 69 ET and 71 ET and below 50 percent relative 
humidity practically all the time so that we are always carrying systems considerably 
below the design guaranteed point. 

On large installations where there is a substantial building construction load com- 
pared with the other loads, for example in a home or in an office where there is not 
a great internal load, we have observed that equipment seems to be considerably 
over-sized when figured according to the regular procedure. This paper gives one 
reason for it. There is another reason advanced by Mr. Heisterkamp that is worth 
bringing out here. 

Mr. Heisterkamp contends that the building materials, particularly any insulating 
material such as sugar cane fiber or rock wool absorbs water vapor during the night 
cooling period which acts as a reservoir of water vapor from which we gain 
evaporative cooling effect when the heat comes on during the day. This is par- 
ticularly true in homes exposed to sunlight where the insulating materials used in 
the east, south and west walls and the roof, all can absorb water vapor during the 
humid evening and night hours and later give up its stored cooling effect by 
evaporation when the sun strikes it during the day. This accounts for the fact 
that the walls in these residences remain cool for a long time, much longer than 
would be the estimated time lag. The quantity of water vapor so absorbed is 
unknown. 

Mr. Heisterkamp suggests that this should be investigated in the Society’s Labora- 
tory. The cooling load required for residential conditioning can be dcne with very 
modest size equipment if it is planned to take advantage of this evaporative cooling 
effect from absorbed moisture in the walls. If along with this we consider the 
storage capacity of the materials for absorbing of radiant heat from lights and the 
human body, we will find it possible to do much more economical cooling and provide 
satisfactory results. 

We are indebted to the authors for this fine paper which brings out some much 
appreciated points in the study of air conditioning loads. 


R. S. Ditt, Washington, D.C. (Written): It is very fortunate that steady-state 
heat flow problems are by nature simple and capable of representation with simple 
formulae since this makes it possible, as a common practice, to estimate required 
capacities for heating and air conditioning equipment with some degree of precision. 
To improve that precision it is desirable to take heat capacities of materials as well 
as thermal conductivities into account, but the complexity of this problem makes it 
doubtful that it will ever be done with the facility and certainty with which steady- 
state problems are handled in everyday practice. The present paper is regarded as a 
worthwhile effort to simplify the subject. I agree that more study should be given 
the problem of estimating cooling loads from sources of periodic energy emission 
and perhaps further effort will yield practical computation methods of approximations 
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which will facilitate design and result in considerable savings by permitting choice of 
smaller or more reasonably sized air conditioning equipment. 

If we could live in dwellings or occupy buildings with walls about 10 ft thick, 
our air conditioning loads might diminish almost to the vanishing point. This being 
impossible on account of the support problem, it appears reasonable to take advantage, 
when possible, of the heat capacity of the structures we do utilize which, in heat 
capacity, are somewhere between the building with 10-ft walls and a tent. 

It is interesting to speculate on whether or not it is feasible and desirable to put 
the masonry and structural masses of our buildings on the inside rather than on the 
outside of the insulating layer and thus increase the effective heat capacity of the 
structure to take advantage of the phenomenon which is the subject of this paper. 


Joun Everetts, Jr., Philadelphia, Pa. (WrittEN): I wish to take this opportunity 
to compliment the authors for their fortitude in attacking a problem which is 
undoubtedly the most controversial subject of air conditioning. 

There are three points of discussion which I would like to bring out, the last of 
which will undoubtedly require additional research and analysis. 

The first point is in reference to Example 3, which is a study of steady load from 
human occupancy of enclosure similar to a theater, with steady operative tempera- 
tures. The authors have assumed a radiation release of 100 Btu per hour per 
person. Fig. 3 shows that at the end of an 8-hr period, the air temperature is 
maintained at 77 F and the surface temperature of the enclosure is 83 F. According 
to THE Guin, the heat release through radiation and convection at 77 F dry bulb, is 
240 Btu per hour and the surface temperature of a clothed person is 86 F. 

With 86 F surface temperature of people and an 83 F surface temperature of an 
enclosure, the calculated radiant heat emission is only 40 Btu per hour instead of the 
assumed 100, leaving 200 Btu per hour per person as heat release to the air at 77 F 
dry bulb. This, of course, theoretically increases the cooling load beyond that indi- 
cated in the example. If the radiant heat release from people under this condition 
is lower than that used in the example, the surface temperature of the enclosure will 
not be increased as much and the air temperature will not necessarily be decreased 
to 77 F to maintain a steady operative temperature. Therefore, the surface tempera- 
ture of the enclosure will not be quite as high as shown in Fig. 3 and the air 
temperature will not be quite as low. Obviously, a condition of equilibrium will be 
reached following a cooling load somewhat higher than that indicated in Fig. 3 and an 
air temperature somewhere between 77 and 80 F. 

The second point of discussion is that where there is a high concentration of 
people, such as a theater or restaurant, the radiation from the people will be partly to 
each other and partly to the chairs or seats, so that all the radiation cannot be 
assumed to be picked up by the surfaces of the enclosure. It is obvious that under 
such conditions a greater proportion of this radiant heat will be converted into 
convection, thus increasing the cooling load. 

The third point of discussion, which will need additional study, is the question 
of humidity. J. C. Albright, in his study of long-term storage of ordnance material, 
brings out the interesting fact that the hygroscopic materials which are contained 
within a reasonably tight enclosure will produce what he terms a lag loop in the 
atmospheric conditions surrounding these materials. If the temperature in the 
enclosure is increased, water vapor is released from the materials which increased 
the dewpoint temperature and moisture content of the surrounding air. If the 
temperature again decreases, the moisture is absorbed back into the materials which 
results in a hysteresis effect which is a function of temperature variation and time. 
This effect can be appreciable, particularly in a department store containing many 
tons of hygroscopic materials and which may be shut down over the weekend. 
Preliminary calculations of one medium sized department store indicates that a 10 
deg rise in temperature over the weekend will release approximately 1,500,000 Btu 
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of latent heat which must be removed from the space on a Monday morning pull 
down along with latent infiltration. This increased pull down load will result 
in a higher ambient dry bulb in the space which will reduce the sensible cooling 
load and increase the heat storage in the surfaces of the enclosure. This will require 
a greater period of time to reach an equilibrium condition, so that the calculations 
for one 8-hr day do not show the true picture of actual cooling luad involved. 

I readily admit that the introduction of latent load makes this problem much more 
complex. However, as the condition exists, there is nothing else to do but recog- 
nize it. 

As the authors of this paper have made such an excellent start in this study, I 
sincerely hope that they will continue with this work so that we may be able to more 
accurately determine the cooling load in air conditioning problems. 


J. Donatp Kroeker, Portland, Ore. (WrittEN): As a presentation of methods 
of analyzing the magnitudes of known discrepancies between sources of instantaneous 
heat gains and cooling loads, the paper is an extremely valuable contribution to air 
conditioning engineering. Lucid and accurate, it makes generous use of charts for 
typical conditions on clearly defined assumptions. These charts will be valuable as 
guides in analyzing specific analogous situations. 

It will be recognized that the paper is limited to discussion of methods, that it is 
not intended for application of values directly, and that it discusses only treatment 
of sensible heat gains. It furnishes the engineer with tools to assist in estimating 
cooling loads and will narrow the scope of research the Society must undertake to 
evaluate certain factors needed by the engineer to preclude over-design of cooling 
systems, which results from computation of cooling loads without proper evaluation 
of the extent to which heat gains are contributory to loads. 


C. S. Leopotp, Philadelphia, Pa. (WrittEN): Up to a few years ago, it was 
tacitly assumed that to utilize thermal storage one could either allow room tempera- 
ture to rise or precool the structure. We now know that in air cooling systems, with 
thermal loads consisting in part of radiation, storage is almost inevitable and plays 
a large part in the operation of most air conditioning installations. 
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Both in this paper and in my paper* on the hydraulic analogue the analysis has 
been confined to one day in which the air temperature and the structure tempera- 
ture have been considered uniform and equal at zero time. When a real system 
is operated to maintain a constant air temperature for a day’s operation, it is apparent 
that the structure will be at a temperature above the design room air temperature 
on the succeeding day. Fig. A shows the results of an analogue solution of a 
problem, in which there was included one hour of precooling and one hour of after- 
cooling with the room air maintained constant at the design temperature. For each 
succeeding day the structure is at a higher temperature and for each day there is an 
increasing requirement for cooling approaching equilibrium. 

Precooling and after-cooling depend primarily on convection. The effect can be 
accelerated by allowing the room air temperature to fall. Even under these condi- 
tions, the cooling is relatively slow and long periods are required to produce an 
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important effect. Precooling normally does not mean that the average temperature 
of the structure need be reduced below room air temperature but, frequently, means 
that its excess above room temperature is reduced. This is of practical significance 
since the building can be satisfactorily precooled by lowering the room air tempera- 
ture and restoring thermostatic control shortly before its contemplated use without 
having the deleterious effect of starting with a cold room. Jn one field application, a 
considerably undersized store installation gave satisfactory results with approxi- 
mately eight hours of after-cooling. The midpoint internal temperature of a thick 
ceiling construction was only reduced from 80 F to 79 F by the after-cooling and the 
midpoint, in general, tended to be approximately 3 deg higher than the mean air 
temperature. 

With some types of automatic temperature control which act in response to room 
air temperature, an instrument drift to maintain temperature is to be anticipated. 
The effect of a total variation of + 0.8 deg is shown in Fig. B, which indicates 


* Hydraulic Analogue for the Solution of Problems of Thermal Storage, Radiation, Convection 
and Conduction, by Charles S. Leopold (A.S.H.V.E. Transactions, Vol. 54, 1948, p. 389). 
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that the drift of this amount results in practically constant cooling requirements for 
any one day and a rise in cooling requirements from day to day. in a further series 
of experiments on the analogue, it was shown that if a + 1.5 deg variation was 
permitted, the afternoon load was considerably less than the morning load, which 
may in part indicate how under-capacity systems sometimes meet the afternoon wet 
bulb peak. 

This paper compares the results of maintaining constant operative temperatures 
with constant room air temperature. In analyzing this problem, there are several 
factors to be considered; the first is that thus far most of the discussion has centered 
on empty segments of an interior zone, a case in which there is a total of 2 sq ft 
of construction surface for 1 sq ft of floor surface. In the case of a cube, we 
would have 6 sq ft of structure for 1 sq ft of floor space. Surface temperatures 
would be expected to rise approximately one-third of the rise predicted for the 
infinite zone although the percent of storage might be approximately the same. 
This limited rise of surface temperature would result in a smaller correction for 
mean radiant temperature. To a degree, even in the interior zone, beams, columns, 
desks, filing cabinets, and other paraphernalia would tend to reduce the change in 
mean radiant temperature without proportionately reducing the storage effect. The 
second point to be considered is the varying comfort effect of mean radiant tempera- 
ture, depending on whether or not the system is operated close to the optimum. The 
percentage effect on the number of individuals experiencing discomfort on an effective 
temperature change of 1 deg, from 70.5 to 71.5 F, is approximately 1 percent; from 
71 to 72 F, 3 percent; whereas the effect from 73 to 74 F is 15 percent, a quantity 
which must be given serious consideration. In our American practice, we now know 
that very little departure from the optimum is permissible which, in a way, is 
fortunate since we can afford a moderate departure in mean radiant temperature 
without appreciable comfort effect. 

I question the assumptions leading to the analysis of the storage effect of the 
radiation from a person because clothed body temperature is in the range where the 
total radiation is markedly affected by the change in wall temperature and, in the 
theater, I question the figures on radiation because people are seated and, also, 
to a large extent because their radiation in a horizontal direction is blocked. The 
analysis of Fig. 4 could be made to more nearly approach practice by assuming a 
higher ground temperature or by including a deep section of earth below which the 
temperature could be assumed constant at 55 F. 

The authors have pointed out the limitations of their mathematical analysis. This 
analysis is valuable as an approximate mathematical approach but should be used 
with considerable caution as the assumption of infinite conductivity of the structural 
materials tends toward over-optimistic conclusions. The use of the concept of 
infinite conductivity also masks the effect of independent radiant transfer (IRT) and 
can add a sizable error in the retransfer factor as convection upward would be 
approximately twice the value for convection downward. 

Although the examples in this paper contain many approximations, the overall 
result is of importance as a contribution to our knowledge of the general nature of 
the problem of heat storage, and particularly of the storage limits. 


J. N. Livermore, Detroit, Mich. (WrittEN): This paper points again to a most 
serious blind spot in one of our profession’s most important fields of working informa- 
tion, namely, the method of calculating a cooling load. Strangely enough, we can 
find quite precisely the rate at which heat enters an air conditioned enclosure, but 
we can make only the poorest sort of guess as to how rapidly that same heat reaches 
the cooling apparatus. 

The authors are to be complimented on a very clear statement of a very complex 
problem. Their estimates of ranges of magnitude of error possible in estimating 
apparatus load from a radiant heat source, should attract wide attention in the 
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application engineering field. Their work should also prove valuable to others 
who will undertake research on this subject. 

The authors refer to and use the term constant operative temperature, a condition 
which is not approached in actual practice. While I grant that all the examples 
shown are hypothetical, I think it should be emphasized that constant operative tem- 
perature, that is, a building in which the room dry bulb temperature is adjusted for 
changes in mean radiant temperature, is a rarity, indeed. Most systems operate 
either automatically or manually to maintain a constant air temperature. 


J. P. Stewart, Syracuse, N.Y. (WrittEN): The authors have shown that under 
favorable conditions a very large quantity of heat gain may be stored in an air 
conditioned space. The percentage stored seems to be even more than previously 
thought possible. I would very much like to see this excellent theoretical analysis 
followed soon by carefully controlled experimental work in the laboratory. This is a 
real awakening to the possibility of using smaller equipment and still doing a good job 
of cooling. 


Taste A. New Catcutation Resutts (Example 2A) 


ERAT 

0 80.00 100 
1 80.06 109 
2 80.12 113 
3 80.14 116 
4 80.16 119 
5 80.18 122 
6 80.21 125 
7 80.23 | 128 
8 80.25 130 


W. E. Zreper, York, Pa. (WritteN): The TAC on Cooling Load, following 
discussion of the factors affecting cooling load, invited Professor Mackey to present 
a discussion on the general subject with the thought that such a discussion would be 
of great value to the Society. I believe the thinking of the Committee regarding 
the various phases involved has been covered very well by Professor Mackey. | 
know the TAC would be pleased if this work would incite discussion for the purpose 
of broadening the Committee’s thinking and thereby allow its members to arrive at 
a successful conclusion, whether through experimental work or otherwise. The 
purpose is to establish a method of determining satisfactorily the cooling loads 
arising from various types of radiant heat sources and thereby help the engineers 
who calculate loads and design air conditioning equipment. 


AutHors’ CLosure: The authors are grateful to Mr. Leopold for his discussion 
and particularly for the data obtained from the hydraulic analogue showing the 
effects of operation on successive days. Mr. Leopold properly questions the assumption 
of Examble 2, where the rates of heat transfer from each occupant by radiation and 
convection were assumed to remain constant with time even though the temperature 
of the enclosing surface increased about 3.9 deg in 8 hr. To answer this criticism, 
Example 2 has been recalculated with an assumed area of enclosing surface of 300 
sq ft per occupant in place of 20 sq ft; other conditions were assumed to remain the 
same. The results of this new calculation, Example 2A, are given in Table A. 

The temperature of the surface rises but little in 8 hr, and the assumption of no 
change in the rates of heat transfer by radiation and convection may now be justified. 
The importance of the new example is that the cooling loads and retransfer factors 
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Taste B. Comparison oF Resutts Ostainep IN Examples 4 and 4A (at 2:30 P.M.) 


EXAMPLE 4 EXamPLe 4A 


Temperature of ceiling, F 88.2 88.2 
Temperature of room surface of floor slab, F 77.2 81.2 
Conventional estimated load, Btu per (hr) (sq ft)... . 11.0 11.0 
True rate of heat transfer from ceiling to air and floor, 

Btu per (hr) (sq ft) 13.8 9.8 
True cooling load (ceiling and floor convection), 

Btu per (hr) (sq ft) 2.06 3.26 
Rate of conan of heat into ground, Btu per (hr) 

(sq ft 10.10 4.50 
Rate of storage of heat in floor slab, Btu per (hr) 
(sq ft) 1.64 2.04 
Retransfer factor@ —0.065 +0.069 


a The retransfer factor is increased but not by a large amount. 


at a particular time are not changed from the results obtained in the original case. 

As Mr. Leopold points out, the temperature 55 F assumed for the isothermal 
surface of the floor slab in contact with the ground in Example 4 is too low to be 
of great practical significance. To answer this criticism, the authors have recalculated 
Example 4 for a temperature of this surface of 70 F (Example 4A). A comparison 
of the results obtained in Examples 4 and 4A at 2:30 p.m. are given in Table B. 

Mr. Livermore points out that the most common method of control of air condition- 
ing installations is to maintain a constant air temperature, not a constant operative tem- 
perature. The purpose of the authors in introducing operative temperature in some of the 
examples is to show that cooling loads and retransfer factors are higher if any attempt 
is made to reduce air temperature in order to compensate for rise in mean radiant 
temperature. In his discussion, Mr. Leopold has indicated the comfort tolerances that 
are involved. 

The complexity of problems in unsteady state heat transfer is accented in Mr. 
Dill’s discussion. From considerations of heat transfer and storage effects, alone, 
cooling loads may be reduced by the use of low-density materials near the weather 
side of a structure and high density materials near the room side. 

The authors agree with Mr. Kroeker and Mr. Stewart that more data are neces- 
sary on the relation between cooling load and instantaneous rates of heat transfer, 
particularly for unsteady sources such as glass. Both additional analysis and experi- 
mental work would be helpful. 

Mr. Avery and Mr. Everetts mention the behavior of hygroscopic materials and 
the cyclic nature of the effect of changes in moisture content of such materials of 
construction. No analysis of latent loads is contained in this paper, but the effects 
of storage on such loads may be significant. 

Mr. Everetts questions the assumptions made in Example 3. This comment is 
similar to that of Mr. Leopold’s criticism of Example 2. With an increase in the 
area of enclosing surface per occupant, the rise in temperature of the enclosing surface 
would be reduced and the assumption of steady rates of heat transfer by radiation 
and convection from the occupant could more readily be justified. It is doubtful, 
however, that the value of the retransfer factor would be changed significantly, and 
this is the important result. Any increase in convection from a source, and a 
corresponding decrease in radiation, tends to make storage effects less important and 
causes the cooling load to be a greater fraction of the rate of energy emission from 
source even for the same value of the retransfer factor. 

The authors appreciate the considerable additional information which all of those 
who discussed this paper have contributed to the analysis of a complex problem. 


. 
5 
| 
ae 
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SOLAR ENERGY TRANSMITTANCE OF 
EIGHT-INCH HOLLOW GLASS BLOCK 


By Greorce V. PARMELEE* AND WARREN W. AvuBELE**, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


Awe program of research to develop design heat flow data for 


glass in its various architectural forms has been carried on since 1944 at 
the A.S.H.V.E. Research Laboratory under the direction of the Committee on 
Research and the TAC on Heat Flow Through Glass.t Previous papers’? have 
given solar energy transmittance data for single sheets and various combinations 
of two sheets of flat glass. This paper presents similar data on five common 
patterns of eight inch glass block. 

The problem of heat flow through a glass block panel to or from an enclosure 
is one of great complexity with respect to both heat conduction through the 
panel and the transmittance of short wave length radiant energy. Heat conduc- 
tion through the panel is affected by outdoor and indoor boundary conditions, 
of which solar energy is one. The solar energy transmitting characteristics are 
affected by the size of the individual block, the face patterns, the absorption 
characteristics of the glass, the shading effect of the mortar joints, and the 
energy distribution of the incident solar radiation. 

The principal purpose of this research report is to present solar energy trans- 
mitting characteristics. Data on heat conduction through the panel under steady 
state natural weather conditions are given. The problem of heat flow from the 
inside surface of the panel to the indoor surroundings as it is related to solar 
irradiation is considered only to the extent of giving approximate values of 
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C. O. Mackey, F. W. Preston, W. C. Randall, C. A. Richardson, Vic Sanders, H. B. Vincent, G. B. 
Watkins, F. C. Woo 


Presented at the Semi-Annual Meeting of Tue American Society or HeatinNG AND VENTILATING 
Enotneers, Minneapolis, Minn., June 1949. 


435 


' 
: 
} 
AR 
is 
| 
| 
| 
| 


436 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


the magnitude and time of occurrence of peak heat gain. Further experimental 
work and analysis are required before a complete solution of this problem can 
be presented, especially with regard to relating instantaneous heat gains to 
system load. 


EXPERIMENTAL PROCEDURE 


The Calorimeter 


Except for some minor changes, the calorimeter used in these studies and 
the instrumentation were essentially as described in some detail in previous 


Fic. 1. CALORIMETER WITH GLASS BLOCK PANEL IN PLACE 


reports.!-2.3 Fig. 1 shows a glass block panel in place for test. In February, 
1949, a convection-compensated radiometer was installed to measure the long 
wave length radiation from the ground surroundings and the sky that is incident 
on the panel area. 


Test Panels and Temperature Measurements 


The blocks were set in wood frames using a sand-cement mortar to which a 
small amount of lime was added to improve consistency. Standard anchors and 
wall ties were set in the joints at intervals designated by the manufacturers. 
The description of the panels appears in Table 1. 

Measurement of the panel surface temperature was an essential part of the 
experimental technique. The panel area was divided into four squares of equal 


1 Exponent numerals refer to References. 
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area. A single centrally located block in each of two diagonally located areas 
was selected for thermocouple installation. On each of these blocks, five thermo- 
couples were cemented into shallow grooves cut into the block. Two other 
couples were located in the mortar joint adjacent to the block. The paralleled 
reading of 10 couples in the block and a similar observation of four couples in 
the mortar joint, weighted for relative area of glass and exposed mortar joint, 
gave the average panel surface temperature. 


TABLE 1. DeEscrIPTION OF GLASS BLockK PATTERNS 


A- Outdoor D- Indoor 
surface Z surface 
Z 
Z 
Y) E- Cavity 
partition 


Elevation Section of Hollow Glass Block to 
Indicate Location of Surface Patterns 


Type I —Smooth Face Type III —Light Diffusing 
A, D: Smooth A, D: Narrow vertical ribs or flutes 
B: Wide vertical ribs or flutes B, C: Etched or stippled 
C: Wide horizontal ribs or flutes E: Glass fiber screen 
E: None 
Type IV —Light Diffusing 
Type Il —Semi-Light Diffusing A, D: Close pitch deep horizontal 
A, D: Narrow vertical ribs or flutes corrugations 
B, C: Etched or stippled B, C: Vertical light diffusing prisms 
E: None E: None 


Type V —Light Directing 
, D: Close pitch deep vertical corrugations 
B, C: Horizontal Light directing prisms 
E: None 


RESULTS OBTAINED 
Spectral Transmittance Characteristics 


Flat polished samples of glass made from the same melts that were used to 
manufacture the glass block on which the heat flow studies were made were 
subjected to spectrophotometric tests. With these data transmittances for 
normally incident solar radiation were computed for two typical samples. The 
results are given in Table 2, part A. The average value of KL (the product of 
absorption coefficient K, per inch, and thickness, L, inches) for each sample was 
determined and used to compute the KL and the transmittances for a %4 in. 
thickness. The transmittance, r, is related to KL, as follows: 
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where 
e = the Naperian base of natural logarithms 


Part B of the same table gives the results of pyrheliometer tests made on 
samples taken from the blocks themselves. 
Transmittance of Diffuse Solar Radiation 


Table 3 lists the diffuse radiation transmittance of the five glass block panels 
tested. These were obtained by means of the calorimeter apparatus, and are 


TABLE 2. TRANSMITTANCES OF GLASS BLocK SAMPLES FOR NORMALLY INCI- 
DENT SOLAR RADIATION 


A. Computed from Spectro-photometric Data for Spectral Range 0.30 — 2.10 Microns® 


| VALUES FOR VALUES ADJUSTED TO 
SAMPLE TESTED 4-In. THICKNESS 
Trans- Avg. Avg. Trans- 
mittance K KL mittance 
A 0.496 0.870 0.0491 0.0247 0.892 
B 0.494 0.816 0.1232 0.0622 0.859 
B. Measured in Sunlight with Smithsonian Silver Disk Pyrheliometer 
| | FOR To 
T \4-IN. NESS 
— D are oF THICKNESS | AMPLE TESTED 4 HICK: 
| Trans- Avg. Avg. Trans- 
mittance KL KL mittance 
A-1 7-15-48 0.166 0.89 0.022 0.033 0.89 
A-1 8- 9-48 0.166 0.88 0.037 0.057 0.86 
A-2 8- 9-48 0.215 0.88 0.036 0.039 0.88 
B-1 7-15-48 0.2922 | 0.87 0.053 0.046 0.87 
| 


a Based upon Moon's‘ energy distribution for air mass = 2; ordinates at 0.05 micron intervals. 


averages of no less than six tests conducted at temperatures such that heat 
leakage corrections were at a minimum. 


Transmittance of Direct Solar Radiation 


To determine these values fixed angle tests were run in such a way as to 
determine effects of the mortar joint. One set of tests was run with the panel 
in such position that, at all times, the sun’s rays lay in a plane which was per- 
pendicular to the panel and parallel to the vertical mortar joints. This is 
referred to as Case I. In these tests, the shading effect was due only to the 
horizontal mortar joints. In a second set of tests, referred to as Case II, the 
sun’s rays lay in a plane which was perpendicular to the panel, but parallel to 
the diagonal line across the panel. Here, both vertical and horizontal mortar 
joints shaded the glass opening. The results of these tests are shown in Fig. 2. 
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Fic. 3. DirECT SOLAR RADIATION ISO- 

TRANSMITTANCE CURVES FOR 8-IN. 

GLASS BLOCK PANELS IN VERTICAL 
WALLS 


Note: Transmittance values are in percent. 
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Because pattern effects are combined with mortar joint shading, the area ‘i 
within each pair of curves does not necessarily represent all the transmittances 
possible for any one angle of incidence. To include all possibilities, test data 
were plotted on polar coordinates with the radial scale as azimuth-difference 
angle and the angular position as solar altitude. The azimuth-difference angle 
is the angle between the projections of a wall and of the sun’s rays on a horizon- 
tal plane. The solar altitude is the angle between the sun’s rays and a horizontal 
plane. The values from the fixed angle tests were plotted together with test 
results from fixed position tests with south, southwest, and west orientations. 
These data gave a sufficient number of points, so that lines and areas of constant 
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Fic. 4. COMPARISON OF TEST DATA 
WITH ISO-TRANSMITTANCE CURVES FOR 
8-1n. Type I BLocK 


transmittance could be drawn. Fig. 3 shows the smoothed iso-transmittance 
curves for the five panels. Fig. 4 illustrates the agreement between the curves 
for Type I and the test points. 


TABLE 3. TRANSMITTANCE OF DIFFUSE SOLAR RADIATION BY E1IGHT-INCH 
Biock PANELS 


(Measured by calorimeter) 


PANEL TRANSMITTANCE 
Range Average 
I 0.22-0.33 20 
II 0.18-0.32 0.27 
III 0.11-0.26 0.19 
IV 0.09-0.22 0.15 
Vv 0.13-0.21 0.16 


| 
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Heat Gains From Absorbed Solar Energy 


A considerable portion of the incident solar radiation may be absorbed by a 
glass block panel, resulting in a rise in temperature of the outdoor and indoor 
surfaces. Part of this absorbed energy is stored in the panel, part is lost from 
the indoor surface by convection and radiation, and the rest is lost to the out- 


TABLE 4. APPROXIMATE FRACTION OF INCIDENT SOLAR RADIATION WHICH 
ENTERS AN ENCLOSURE AT TIME OF MAXIMUM RatTE OF HEAT ENTRY THROUGH 
8-INcH GLass BLockK 


(Zero Indoor-outdoor temperature differential; August 1; 40 deg north latitude) 


Dmect Incipent RabDiaTion Dirruse RaptaTion 
Biocx Orten- Fractional Gain Fractional Gain 
Trre TATION A x. 
(Sun Time) | Total | Conv. | Trans. | Total 
(Approx ) (Measured) | (Approx.) (Aggres.) (Measured) | (Approx.) 
I South 1 p.m. 0.23 0.10 0.33 0.10 0.27 0.37 
West 5 p.m. 0.18 0.45 0.63 
II South 1 p.m. 0.23 0.10 0.33 0.10 0.27 0.37 
West 5 p.m. 0.18 0.42 0.60 
Ill South 1 p.m. 0.20 0.08 0.28 0.10 0.19 0.29 
West 5 p.m. 0.21 0.27 0.48 
IV South 1 p.m. 0.17 0.03 0.20 0.15 0.15 0.30 
West 5 p.m. 0.19 0.15 0.34 
V South | 1pm. 0.17 0.14 0.31 0.15 | 0.16 0.31 
West | 5pm. | 0.18 0.17 0.35 | 


door surroundings by radiation and convection. The fraction absorbed depends 
upon: 

1. The area and absorptivity of . posed mortar joints, 
2. The angle of incidence, 


3. The path length of the reflected and transmitted rays, and 
4. The absorption coefficient of the glass. 


The mortar joints, with the adjacent glass webs, form a path of relatively 
high thermal conductivity to the indoor side. The angle of incidence deter- 
mines to a considerable extent the amount of radiation which passes through 
the outdoor surface, only to be trapped in the interior by the mortar joints. The 
fraction of the absorbed energy which leaves the indoor surface depends upon 
the indoor and outdoor boundary conditions for radiative and convective heat 
transfer and the heat capacity of the panel. The latter tends to diminish the 
amplitude of the heat wave and causes it to lag behind the time occurrence of 
the external effect which produces it. 

In order to determine the diurnal cycle of solar heat gain, a number of tests 
have been made in which a panel was held in a fixed position. Most of these 


| | | | 
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tests were started before sunrise and were continued until after sunset. Data 
were taken at 15-min intervals. 

It is not possible at this time to present an analysis of the heat gain due to 
solar energy absorption and its relationship to the factors previously mentioned. 
Instead, approximate values are given of the fraction of the incident solar 
energy that is dissipated from the indoor surface at the time of maximum total 
heat gain. This fraction has been determined by treating the data obtained in 
the fixed position tests in the following manner. The heat gain by the calorim- 
eter via radiation and convection from the indoor surface of the test panel was 
computed in Appendix A. This quantity was then adjusted to a zero indoor- 
outdoor temperature differential by multiplying the value of U for the panel 
(see the next section) by the differential existing under test conditions. This 
product was added or subtracted if the outdoor temperature was lower or higher 
respectively than the indoor temperature. A second adjustment was made for 
the effect of absorbed diffuse radiation on heat gain by convection and radiation. 
The corrected value was then divided by the incident direct radiation. These 
results and the approximate time the peak gain occurs during midsummer at 
about 40 deg north latitude are presented in Table 4. Also listed is the fraction 
of the incident diffuse solar radiation which passes indoors by way of absorption 
and conduction. These values have also been corrected to zero indoor-outdoor 
temperature differential. The fraction of direct radiation transmitted at the time 
of maximum heat gain and the fraction of diffuse radiation transmitted are also 
listed. 


Overall Coefficients of Heat Transfer and Panel Conductances 


Table 5 lists the results of tests made out-of-doors to determine overall coeffi- 
cients and panel conductances. Following previous practice? the overall coeffi- 
cient of heat transfer, U, is based upon the heat flow through the panel per 
square foot area divided by the temperature difference between the calorimeter 
surface and the outdoor air. The panel conductance, C, is the same heat flow 
quantity divided by the temperature difference between the indoor and outdoor 
surfaces. In the tests, weather conditions were stable enough so that the panel 
was in thermal equilibrium with its surroundings for a period of several hours. 
The tabular values for these tests are averages of several one hour periods 
during which readings, taken at fifteen minute periods, showed no significant 
change. 

The heat flow quantities were determined by averaging the results of two 
computations. In one, the radiation exchange and convection heat transfer 
between the calorimeter surface and the indoor side of the test panel were com- 
puted. The second was determined from the heat supplied to the calorimeter 
by the fluid system minus the heat leakages. The calculations follow the general 
procedure outlined for computing solar energy transmittances as given in 
Appendix A. In addition, small corrections, based upon heat meter measure- 
ments, were made to account for heat leakage at the perimeter. of the panel. The 
two values checked within 2 to 7 percent. 


Solar Energy Transmittance 


In order to understand the contributions of face patterns and mortar joints 
to the transmitting characteristics of a given glass block panel, it is of interest 
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to compare test results with computed results. Consider the transmittance of 
an eight inch block consisting of two 4-in. thick faces, 734 in. sq, flat and 
parallel and connected by 334 in. webs 1% in. wide. Such a block corresponds 
roughly to Type I, which has a fairly simple pattern on the cavity surfaces only. 
The average thickness of the block faces is approximately 4% in. Table 2 shows 
that, at normal incidence, glass of this thickness transmits about 88 percent of 
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normally incident radiation. The corresponding transmittance of the two faces 
is 77.5 percent; that of the web is 46 percent. The block as a whole would 
transmit about 66 percent. The corresponding transmittance of the Type I 
panel is 52.5 percent. A small part of difference is due to the fact that the web 
area, as measured at the outer surfaces, is not fully effective as transmitting 
area. The remainder of the difference probably can be attributed to the face 
pattern itself. Inspection shows that there are small areas of total or partial 
reflection distributed over the surface. 
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The shading effect of the mortar joints will now be discussed. To simplify 
the problem, the panels will be considered as made up of 734 in. squares of flat 
glass 334 in. apart with the glass web and mortar joint partitions replaced by 
thin non-reflecting partitions. Fig. 5 shows the computed transmittances for 
such a panel. Curve A is the transmittance curve for two sheets of 14 in. glass. 
Curve B shows the shading effect of a single joint (Case 1) and curve C shows 
the shading effect of two mortar joints (Case II). Curves D and E are the 
Case I and Case II curves of Fig. 2 for the Type I block adjusted for the mortar 
joint area. At angles of incidence in excess of 30 deg, the agreement is reason- 
ably good in spite of pattern effects. This agreement can be explained by two 


TABLE 6. COSINE OF INCIDENT ANGLE FOR VARIOUSLY ORIENTED VERTICAL 
WALLS AND A HorizonTAL PLANE AND SOLAR ALTITUDE 


(For 18 deg declination north (Aug. 1) and 40 deg north latitude) 


ORIENTATION OF WALL 
EG 
A.M.> 
N NE E SE SW Horiz. 
5 7 0.5 0.406 | 0.934 | 0.914 | 0.358 |.......]....... 0.010 
6 6 11.5 0.237 | 0.840 | 0.951 | 0.505 |.......]....... 0.199 
Z 5 23.0 0.079 | 0.705 | 0.919 | 0.504 |.......]....... 0.388 
8 4 oS a ee 0.533 | 0.824 | 0.631 | 0.069 |....... 0.564 
9 3 | a Ree 0.337 | 0.673 | 0.614 | 0.196 |....... 0.713 
10 2 | 7 aeaere 0.129 | 0.475 | 0.542 | 0.292 |....... 0.830 
11 1 0.246 | 0.424 | 0.354 | 0.076 | 0.903 
12 ee Beare ce 0.000 | 0.265 | 0.375 | 0.265 | 0.927 
A 
P.M.> N NW W SW SE Horiz 


facts: (1) if there had been a web in the ideal block, about half of it would have 
been eliminated as transmitting area by the shading effect of the joint, (2) the 
cavity surfaces are actually fair reflectors so that the rear or indoor surface of 
the block receives and transmits radiation that otherwise would never have 
reached it. This probably accounts for the fact that zero transmittance occurs 
at higher incident angles than would be predicted from the geometry of the block. 

The curves for the Type IV and Type V block are extreme examples of the 
effect of face pattern. This is especially true of the Type V block, which has 
horizontal light directing prisms on the cavity faces. A drawing board analysis 
was made for incident angles of zero and 45 deg. The problem of tracing the 
rays through the block was simplified by considering the outer surface to be 
flat. It was found that at normal incidence, roughly 75 percent of the incident 
radiation was totally reflected. The reflected rays left the front face at an angle 
of about 20 deg, so that one would expect the transmittance at 20 degrees inci- 
dent to be about the same as at zero incidence. The Case I curves are in agree- 
ment with this analysis. At 45 deg, there was little reflection except that normally 
associated with the various glass-air boundaries. The rays were bent upward 
at an angle, therefore tending to counteract the shading effect of the mortar 
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joint. The result was that, at 45 deg, the transmittance was about the same as 
for the Type I block. 

The curves for the Type IV block show that the face pattern, designed to 
diffuse the incident radiation, reduces the transmittance to very low levels. The 
similarity of the Case II curve of this block and that of the Type V block is 
striking, but not at all unexpected. In both cases, the pattern presented to the 
sun’s rays was essentially the same. Test data for the Type IV panel in the 
region of low solar altitude and the middle values of azimuth-difference angle 
were not extensive enough to permit extrapolation. Information recently re- 
ceived from the field indicates that the Type IV panel is often installed rotated 


TABLE 7. AZIMUTH-DIFFERENCE ANGLE, DEGREES, FOR VARIOUSLY ORIENTED 
VERTICAL WALLS AND SOLAR ALTITUDE 


(For 18 deg declination north (Aug. 1) and 40 deg north latitude) 


Soi 
ORIENTATION OF WALL 
EG 
A.M.> 

Y N NE E SE Ss SW 
5 7 0.5 24 69 66 
6 6 11.5 14 59 76 
7 5 23.0 5 50 85 
8 4 40 85 50 
9 3 27 74 61 
10 2 14 76 

1l 1 80 55 10 

12 0 45 90 45 

P M > N NW W SW Ss SE 


90 deg from the position in which the panel was set in the calorimeter. Until 
additional data are secured, the curves as presented should be used only for 
installations corresponding to the test conditions. 

The pattern of Type II affects the transmittances about as would be expected 
and shows that its diffusing nature reduces the transmittance little as compared 
to Type I. The addition of a glass fiber screen, on the other hand (Type III), 
markedly reduces the transmittance. 


Use of the Transmittance Curves 


Fig. 3 makes it possible to select the transmittance of vertical panels for any 
orientation, location, and time of day. With suitable data relating direct solar 
intensity to solar altitude, the amount of solar radiation transmitted can be 
determined satisfactorily. In view of the data given in Table 2, it is believed 
that the effect of variations in the distribution of solar energy on transmittance 
is not large. 

When solar intensity data can be correlated with other weather design data, 
design tables of instantaneous rates of heat gain can be made up for each block 
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type for various localities throughout the country. As an interim measure and 
one offering some degree of flexibility, it is suggested that Fig. 3 be used with 
tables such as Tables 6 and 7. Table 6 gives the solar altitudes and cosines of 
the incident angle for variously oriented vertical walls at 40 degrees north 
latitude with a solar declination of 18 degrees north (Aug. 1). Table 7 gives 
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solar altitudes and the azimuth-difference angles for the same latitude and 
season. Use of these tables for any time between May 1 and August 15 will not 
lead to serious error. These tables are similar to Tables 8 and 22 of Chapter 15 
of the HEATING, VENTILATING, Air CoNDITIONING GuIDE 1949, 

Fig. 6 presents several curves (B, C and D) of direct solar radiation intensity 
on a plane normal to the sun’s rays, plotted against air mass which, at sea level 
and standard pressure, correspond to the solar altitudes given on the right hand 


TT 
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ordinate. Air mass at any solar altitude may be found from curve A Fig. 6. 
For elevations above sea level, the air mass corresponding to a given solar 
altitude is reduced in direct proportion to the barometric pressure for the given 
station. Values given by curve B in most cases are identical with those in Table 
5 Chapter 15 of THe Guine 1949 and are the basis of the present tables of 
design solar heat gain for single ordinary window glass. The curves for 
Cleveland illustrate to some extent the variations in intensity possible on cloud- 
less days. With data such as these and Table 6, the irradiation of a wall can 
be readily computed. 


The diffuse intensity on a vertical wall used in Table 18 of THe Gurpe is of 
the order of 20 Btu per (hr) (sq ft). It is of interest to note that similar values 
were observed in Cleveland in 1948 when the solar intensity was somewhat in 
excess of curve B. On the other hand, the diffuse values associated with 
curve D were of the order of 40 Btu per (hr) (sq ft). An example illustrating 
the use of Fig. 3 and Tables 6 and 7 may now be given. 


Find the solar energy transmitted by a wall of Type I block facing southwest at 
2 p.m. sun time. 


From Table 6 the cosine of the incident angle is 0.542; the solar altitude is 56 deg. 
From Fig. 6 the standard direct solar intensity on a normal plane is 280 Btu per (hr) 
(sq ft); on the vertical plane it is 0.542 times 280 or 151.7 Btu per (hr) (sq ft). 
From Table 7 the azimuth-difference angle is 76 deg. For this angle and an altitude 
of 56 deg, the transmittance is 0.18. From Table 3 the diffuse transmittance for this 
type of block is 0.27. The total solar energy transmitted is 0.27 times 20 plus 0.18 
times 151.7, or a total of 32.7 Btu per (hr) (sq ft). It should be realized that this 
instantaneous gain does not necessarily produce an equal instantaneous load on the 
system because of internal heat storage effects. 


Total Heat Gain 


It is emphasized that the values of solar energy gain by convection and 
radiation from the indoor surface as given in Table 4 are rought approximations 
only. Although most of the values were determined directly from test conditions, 
the boundary conditions governing heat transfer by radiation and convection and 
the cyclic variation in the solar intensity were by no means identical. 


Therefore, the values for one type of block do not necessarily indicate its 
performance relative to another type or even the same block with another 
orientation. Further analysis of the data is required to determine with more 
precision the relationship of heat gain to boundary conditions. 


As pointed out in previous papers and elsewhere in the literature, the heat 
gain data determined. by these tests are instantanteous rates of heat release to a 
conditioned enclosure. Because of the quick response of the apparatus, they 
were also instantaneous cooling loads on the calorimeter system. This is far 
from true in actual installations. Because the interior structure stores up much 
of the solar energy directly transmitted by a glass block panel and that emitted 
by the panel as low temperature radiation, the load imposed on a cooling 
system is ordinarily much less than the instantaneous heat gain from the panel. 
The effect varies with the distribution of radiant energy transmitted by the 
panel, the heat capacity of the structure. and the method of cooling. 
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Overall Coefficients of Heat Transmission 


Because overall coefficients of heat transmission are dependent upon the indoor 
and outdoor boundary conditions for convective and radiative heat transfer, 
the fundamental heat conducting characteristic of a given glass block panel is 
best indicated by its conductance. Inspection of the data of Table 5 shows that 
the conductances of eight inch block panels, with the exception of Type III, 
average about 1.1 Btu per (hr) (sq ft) (F deg). Since wind velocity and 
direction and radiation exchange affect the surface temperature distribution, 
the panel conductances may be dependent to some extent on these influences. 
This is indicated by the values given for the Type III block and shows that 
additional tests would be desirable. 


The conductance of the Type III panel is markedly lower because of the glass 
fiber screen which divides the cavity. This screen principally affects the 
transfer of radiant energy across the cavity. Since the air pressure in the 
cavity is approximately one-third of an atmosphere, the convection heat transfer 
across the cavity is probably so small that the addition of the screen can have 
but little effect. 


SUMMARY 


Transmittances of five eight-inch glass block panels have been determined for direct 
and diffuse solar radiation by calorimeter tests. Transmittance curves and suggested 
tables of solar angles for design use have been presented. Estimates of the amount 
and time of maximum solar heat gain for south and west walls have been given. 
Overall coefficients of heat transmission have been determined under steady state, 
natural weather conditions by means of the calorimeter apparatus. The results of the 
investigations may be summarized as follows: 


1. The shading effect of the mortar joints is a principal factor in establishing the 
solar energy transmitting characteristics of glass block panels, except in the case of 
prism-type blocks. Increasing obscurity of pattern design and use of screens reduce 
energy transmittance proportionately. 


2. The light directing characteristics of the prism-type blocks cause their trans- 
mitting characteristics to depart considerably from the trend indicated by mortar joint 
shading. 


3. Heat gain data due to absorbed solar energy must be recognized as approxima- 
tions that are subject to considerable variation and therefore must be used with caution. 


4. If design boundary conditions of heat transfer had existed during the tests, 
values of overall coefficients for glass block panels would be somewhat higher than 
those presented. The possible influence of boundary conditions on panel conductance 
needs further study. 
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APPENDIX A 


SAMPLE DATA AND CALCULATIONS TO DETERMINE 
TRANSMITTANCE OF DIRECT SOLAR RADIATION 


(Observed Data for Nov. 8, 1948, 11:00-11:30 a.m. EST) 


Temperatures (converted from observed thermocouple emfs); F deg: 


Calorimeter Air (at 18 in.) 
Calorimeter Surface, Avg. 
Calorimeter Surface, Start of Run 
Calorimeter Surface, End of Run 
Glass Block, Inside 

Mortar, Inside 

Average Panel Inside 

Mean Panel and Calorimeter Surface 
Glass Block, Outside 

Mortar, Outside 

Average Panel Outside 

Outdoor D.B. (couple) 

Outdoor D.B. (sling) 

Outdoor W.B. (sling) 

Casing of Calorimeter 

Coolant, mean 

Test House Roof (in sun) 


OD FN WH 


Other Observations: 


Emf of coolant thermopile 1.409 mv 
across calorimeter insulation 1.471 mv 
Emf of calorimeter frame heat meters 0.207 mv 
Emf drop across calorimeter flange 0.047 mv 
Emf of panel frame heat meters 0.487 mv 
Incident angle 20 deg 

Angle of tilt 15.8 deg 


Sunsight angle (Case II) 135 deg 


ad 
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Azimuth angle 0 deg (south) 
Pyrheliometer A, total radiation 3.137 mv 
Pyrheliometer A, diffuse radiation 0.398 mv 
Pyrheliometer B, diffuse radiation 0.977 mv 
Coolant flow, Hg, large orifice 9.63 in. 
Wind velocity 4.3 mph 
Wind direction 
Cloudiness, tenths 5 


Total Heat Gain by Calorimeter [ all values Btu per (hour) (square foot) |: 


Coolant Flow Rate = Chart value X density correction factor X temperature 
correction factor 


= 860 X 1.002 X 0.998 = 860 lb/hr 


Coolant Heat Gain = {lb/hr X specific heat X thermopile emf/24 X la 16.0 
= (860 X 0.776 X 1.409/24 X 45.9) + 16.0 = 


Heat Leakage Cerrections: 


Insulation = (Area X k/L X emf/13 X deg/mv) + 16 
= (40.6 X 0.023/0.167 X 1.471/13 x 45.9) - + re 1.80 
Frame = (Area X emf X temperature factor X meter constant) + 16.0 
= (7.33 X 0.207 X 1.065 X 15.2) + 16.0 = 1.54 
( 
( 


Fiange = (Area X k/L X emf/12 X deg/mv) + 16.0 
= (2.10 X 117/0.125 X 0.047/12 X 48.1) + 16.0 = 1.90 
(Wgt, lb X specific heat X temperature rise/hr) + 16.0 


Calorimeter Shell Storage = 
= (11.8 X (68.7 — 68.5)/30 X 60) + 16.0 = 0.30 


Unaccounted-for loss = function of calorimeter surface temperature-casing 
(by calibration) temperature for 68.5 — 57.5 = 11.0 differential = 0.65 
Total Heat Leakage = 6.19 


Corrected Total Heat Gain = Coolant Gain + Heat Leakage = 118.39 


Solar Irradiation [ all values Btu per (hour) (square foot) |: 


Direct Radiation = Oe total mv — “A” diffuse mv) X constant X factor for 
angle 
= (3. 437 — 0.398) X 81.3 X 0.987 = 220.0 


Diffuse Radiation = (‘‘A” mv diffuse X constant + “B”’ mv diffuse X constant) + 2 
= (0.398 X 82.5 + 0.977 XK 32.8) + 2 = 32.5 


Heat Transfer Inside Panel Surface to Calorimeter [ all values Btu per (hour) (square foot) |: 


By radiation: 


Radiation coefficient at 75.4 F mean temperature = 0.98 Btu/ (hr) (sq ft) (F deg) 
Heat Flow by radiation = radiation coefficient X temperature difference = 
(82.2 — 68.5) = 13.43 


By convection: 


Heat flow by convection = vertical surface value X factor for tilt 

Vertical surface value = 3.0 for (82.2 — 68.5) temperature difference 
For tilted surface** = 3.0 X 0.92 = 2.76 

Total flow from panel by radiation and convection = 13.43 + 2.76 = 16.19 


** See Fig. 3 in Reference 3. 
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Solar Energy Transmitted | all values Btu per (hour) (square foot) |: 


Total transmitted = total gain by calorimeter — heat flow from panel 
= 118.39 — 16.19 = 102.20 
Diffuse transmitted = incident diffuse X transmittance separately deter- 
mined 


32.5 X 0.27 = 8.75 


total transmitted — diffuse transmitted 
102.20 — 8.75 = 93.45 


Percent direct transmittance = direct energy transmitted + incident direct radiation 
= 93.45 + 220.0 = 42.5 percent 


Direct transmitted 


DISCUSSION 


A. H. Baxer*, Port Allegany, Pa. (WritTEN) : Spectral transmittance curves were 
obtained for the various glasses used in the tests described in this paper. The general 
purpose was to determine what effect the spectral transmittance of the glass itself 
has upon the overall solar energy transmittance of the glass bleck wall construction. 


Therefore, I would suggest that the spectral transmittance curves be presented and 
that the authors discuss their significance. 


E. W. Conover, Detroit, Mich. (Written): The authors of this paper have made 
a valuable contribution to the available information on glass block panels and it is 
hoped that the data can be worked up into simplified forms for design purposes. We 
will leave the discussion of the technical parts of this paper to those more familiar 
with the transmission characteristics of glass and confine ourselves to points not clear 
to us. 

The paper states that Table 1 is a description of the panels. This describes the 
individual blocks rather than the panels tested. 

Tables 2 and 3 give transmittances for various glass samples with no unit specified. 
Is this the percentage of the normally incident solar radiation? 

The description of the azimuth-difference angle mentions the projections of a wall. 
This seems ambiguous and needs clarification, preferably by a sketch. 


We question the accuracy of the method of computing the approximate fraction of 
incident solar radiation values in Table 4 when using the U value obtained during 
night tests for the panels heated up by solar radiation. A different U value would 
appear logical for this condition. 

In explanation of the agreements between computed transmittances for a. hypo- 
thetical block panel and tests, as shown in Fig. 5, the two facts given appear to explain 
the disagreements instead of the agreements. 

We would like to ask what is the irradiation of a wall. We assume that the Table 
18 of Tue Guine referred to in connection with diffuse intensity is from Chapter 15, 
but we can find no reference therein giving the 20 Btu as a basis for this table. 

Table 5 gives overall coefficients of heat transmission U for the glass block panels 
as determined by night tests. These are all for moderately light wind velocities and 
no attempt is made to correct them for design conditions of a 15-mile wind outside 
and natural convection on the room side. Since these test figures are very close to 
those now given in Tue Guinr, it appears that THe Guine figures are now too low. 
Since it is stated that the panel conductances were influenced by the wind velocity 
and direction and the radiation exchange, it seems desirable to make additional tests 


* Technical Director, Pittsburgh Corning Corp. 
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to determine these and be able to submit adequate and acceptable data for revision of 
Tue 

In discussing the lower conductances of the Type III panel, it is stated that the air 
pressure in the cavity is approximately one-third of an atmosphere. How was this 
obtained and is it considered as representative of all glass block? 


D. D’Eustacuiof, Port Allegany, Pa. (Written): This paper is important 
because of the great care that has been taken to get reliable data. Hence, the results 
should be reduced to a form applicable to practice as rapidly as possible. One step 
in this process will require defining the amount of variation in block patterns, from 
that given in Table 1, which can be permitted without changing performance. As an 
example, Type IV block is frequently installed with corrugations in a vertical direction 
instead of horizontal. How could your results be applied to this situation? Along 
this same line, have you given any thought to developing a single test that could be 
used to classify new block designs into your present grouping? 


J. N. Livermore, Detroit, Mich. (WritteEN): I wish to comment briefly on this 
paper as one who spends most of his working hours in a building whose walls are 
made almost entirely of glass block. Therefore, in a sense, glass block is a part of 
my daily existence. Moreover, I was a party, 10 years ago, to the design of the air 
conditioning system which was installed in this same building. Recalling the sketchy 
state of glass block heat transmittance data at that time brings only regret that the 
authors of this paper had not gotten around to this work long ago. It has been badly 
needed. 

The authors hint that there is further work to be done on this project. Before com- 
pleting it, | have two suggestions to make: 


1. That they make an effort to separate the radiant and convected heat release from 
the interior surfaces of the glass block when exposed to the sun. I believe Table 4 
shows the two combined. This separation may prove of considerable value in studies 
now contemplated on the relation of interior radiant heat gains to cooling apparatus 
load. 

2. I suggest that this paper should include a practical example in which the authors 
show the method that they expect engineers to follow in applying these data to an 
actual problem. 


J. P. Stewart, Syracuse, N. Y. (WrittEN): The authors have added another valu- 
able chapter to solar transmission through glass materials. It is very encouraging to 
note that transmittances measured by pyrheliometer agree so well with computed 
values from spectro-photometric data. I would like to see these most useful data, 
heat gain through glass block, arranged in some simplified tabular form for quick 
reference in THE Guine 1949. It seems proper to show basic tables giving the instan- 
taneous rates of heat release to the air conditioned space. Modifying factors could 
be given as judgment values in estimating the actual cooling load on a particular 
installation, taking heat storage into consideration. 

Could the authors give the approximate time lag in the convection and radiation 
heat flow through the glass block for heat gain due to direct incident radiation? The 
two typical curves C and D for Cleveland, Fig. 6, are both below curve B which 
represents Moon’s standard solar intensity for sea level. Does this indicate that the 
standard design curve for solar radiation used in the A.S.H.V.E. Guine 1949 is, in 
general, too great for a clear, humid day in summer, at least for Cleveland. 


H. B. Vincent, Toledo, Ohio (WrittEN): The progress which has been made on 
a fundamental research project is often not too apparent to those not immediately 


+ Physicist, Pittsburgh Corning Corp. 


DIscuSSION ON SOLAR ENERGY TRANSMITTANCE OF GLAss BLocK 455 


associated with the work. The ingenuity shown in improvements in instrumentation 
and measurement procedure has been touched upon by the authors very modestly. 

It would appear worthwhile to mention that the transmittance measurements 
reported were made with a new type of equipment developed by the authors to have 
a very short time constant so that instantaneous values of heat input are indicated. 
Results should be reproducible to a much higher degree than in previous measurement 
made with equipment having a large thermal capacity and involving a substantial time 
lag which is difficult to estimate. 

All instruments used in the work have been investigated exhaustively and many 
have been redesigned to increase reliability. In this connection, special mention may be 
made of improvements in shielding of radiometers to reduce the effects of convection. 


In the selection of block for heat transmittance measurements, an effort to choose 
samples which would be representative of designs currently manufactured has led 
to work on four types described in the paper. Any other design may be classified as 
similar to one of the four measured types and assumed to have an equal transmittance. 
Such an assumption will involve certain errors, but these may be small enough to 
make the procedure acceptable. Comments by the authors on this point would be 
appreciated. 

Work is in process looking toward the application of the measurements reported 
to typical room structures. In the meantime, care should be exercised in any attempt 
to draw conclusions relative to operation in buildings. It must be recognized that the 
measurement device differs fundamentally from a structure designed for occupancy 
so that surrounding temperatures, convection effects, input to a cooling system and the 
like may be expected to calculate to values not readily recognizable from instantaneous 
heat flow data. 

It is a pleasure to compliment the authors on the progress shown in their work and 
to wish them and the laboratory a successful continuation. 


AvutHors’ CLosure: In reply to Dr. Baker, the authors submit Fig. A, spectral 
transmittance curves of glass samples, one-half inch thick, made from the melts used 
in the manufacture of the blocks studied at the Laboratory. The normal incidence 
transmittances are seen to be relatively constant over that part of the solar spectrum 
which contains most of the sun’s energy, namely, 0.4 to 1.0 microns. Therefore, one 
would expect that differences in the energy distribution of the incident radiation 
would affect the transmittance values no more than the probable percentage of error 
in the determinations with the calorimeter apparatus. This percentage of error is 
estimated to be of the order of 3 to 5 percent, and is dependent somewhat upon test 
conditions. Possible exceptions to this statement are the Type 1V and Type V blocks 
where the transmittance is reduced by the reflection characteristics of the cavity 
_ prisms. At some angles, the path length becomes long enough due to internal reflec- 

tions that the absorption is high and transmittance much lower in the infrared than in 
the visible portion of the spectrum. 

Mr. Conover quite properly questions the correctness of adjusting to a zero indoor- 
outdoor temperature differential the gain by convection and re-radiation from sunlit 
panels by using U values from night tests. Our data on outdoor surface conductances 
are not yet accurate enough that much refinement is justified at this time. In making 
the adjustment, no attempt was made to allow for differences in wind velocity and 
radiant exchange conditions. In all cases, the adjustment was of the order of 5 to 10 
Btu per (hr) (sq ft) except for the panel of Type III block. The fractional gain 
values for this block must be regarded as being subject to considerable possible error 
because 30 to 50 deg temperature difference existed in these tests. Though expressing 
radiant and convected heat gain data as fractional values of the incident radiation is 
a convenient method when one is concerned with peak heat gain, it has little value for 
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later hours of the day because of time lag effects. After sundown this fraction can 
become infinite. 

Mr. Conover states that the data on overall coefficients indicate that values of U 
in Tue GuipEe may be too low. Since the panel conductances are low, a considerable 
increase in surface conductances will cause a relatively smaller increase in the U value. 
There is still some question as to how much a given change in surface conductance 
will affect panel conductance. More data, therefore, must be obtained to determine 
what changes can be made in values shown in THE GuInE. 

The approximate pressure of the block cavity was obtained from the manufacturers 
and presumably was estimated from a knowledge of the temperature of the block at 
the time the two halves are pressed together for sealing. 

Whether the explanation of curves of Fig. 5 explain disagreement instead of agree- 
ment is probably a matter of viewpoint. A better understanding of mortar joint 
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shading and pattern effects would have been obtained if a clear block had been studied. 
Perhaps this can be done as a part of future work. 

There is no direct reference in THE GurnE to the value of 20 Btu per (hr) (sq ft) 
diffuse irradiation of vertical surfaces used in making up the data for single window 
glass in THe Guipe, Chapter 15, Table 18. This is approximately the value agreed 
on by C. M. Ashley and the senior author when the former prepared a revision of 
Chapter 15 some years ago and the latter prepared Table 18. Actually, the value was 
made to vary with solar altitude. 

In reply to Dr. D’Eustachio’s comments regarding the transmitting characteristics 
of the Type IV block when the corrugations are vertical, the authors submit Fig. B. 
This shows iso-transmittance curves for this type block with the corrugations vertical ; 
that is, prisms horizontal. Additional test work completed after the paper was 
submitted for publication made it possible to give more complete data on this block 
than were given in the paper. Considerable computation is required to transpose 
curves obtained for a given biock in one position to curves that show its performance 
in a position which is 90 deg from the first. 

The authors can suggest no wholly satisfactory single test that could be used to 
classify new block designs into the present grouping of five types. However, since 
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light is in some ways easier to measure, it might be possible to insert a single block 
in the opening of an intergrating chamber surfaced with a non-reflective light sensitive 
material. If this surface were calibrated in terms of the light source, transmittance 
might be determined for various angles. The convection and radiation gain could be 
closely estimated from the data for the block which applies most closely to the 
unknown. 

Mr. Livermore suggests that the radiant heat and the convected heat released from 
the interior surfaces of the sunlit glass block be separated to facilitate relating instan- 
taneous loads to apparatus load. This has been done in working up the test data 
for this report and all previous reports. A sample set of data given in the Appendix 
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shows these computations. In the calorimeter apparatus used, the convected and 
radiated heat are roughly in the ratio of one to five. Convection is low because air 
motion is due entirely to natural means. In actual buildings, the air motion due to 
air distribution systems would cause this ratio to be more nearly one to two. 

The authors would like to have elaborated on the results given in the paper and to 
have shown how the data might be applied to actual engineering problems. An 
attempt was made to illustrate the use of the iso-transmittance curves, the solar 
intensity curves, and the tabular values of altitude and azimuth-difference angle. 
However, lack of space and the necessity of meeting a deadline made it impossible 
to do more than this. 

In reply to Mr. Stewart, the convection and radiation heat flow lagged by about one 
hour behind the incident radiation curve for south and west walls. The fact that 
curves C and D of Fig. 6 are both below Moon’s Standard Solar Intensity curve does 
indicate that, for the Cleveland area, Moon’s design curve, which is used in the 1949 
Guine, is too high for days which produce the greatest cooling load. On the other 
hand, for many parts of the country, Moon’s suggested intensity values are too low. 

Dr. Vincent’s question with regard to classifying other designs into the categories 


WT %, 
NWA 


458 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


set up in the paper is in the same vein as Dr. D’Eustachio’s. For those patterns 
currently manufactured, it would seem that most would fall into Type I or Type II. 
For example, those with a simple pattern or no pattern at all could be classed Type I 
with the transmittances between 0 and 25 deg incident angle adjusted upward a bit 
in the case of block with no pattern. 

The patterns with prisms are much more difficult to classify, since transmittance 
appears to be so dependent upon prism angle and orientation. For example, the Type 
IV block with prisms horizontal, for all practical purposes, is an entirely different 
block than the same block with the prisms vertical. 

Dr. Vincent quite properly points out that the input to the cooling system is not 
readily recognizable from the instantaneous heat flow data. Professors Mackey and 
Gay, in their paper, Heat Gains are Not Cooling Loads, (see page 413), enable 
one to make some estimate of the influence of internal storage effects on heat gain 
of a radiant nature. 
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STANDARDIZATION OF THERMODYNAMIC 
PROPERTIES OF MOIST AIR* 


Final Report of Working Subcommittee, International 
Joint Committee on Psychrometric Data 


By Joun A. Gorr*, Chairman 


INTRODUCTION 


HE inaugural meeting of the International Joint Committee on Psychro- 

metric Data (I.J.C.P.D.) was held in Boston, Massachusetts, on January 23, 
1945, in connection with the 51st Annual Meeting of THe AmeErIcAN Society 
oF HEATING AND VENTILATING ENGINEERS. In November, 1945, the late 
J. Herbert Walker, temporary chairman, appointed a Working Subcommittee, 
of which the writer was privileged to be Chairman, to assist in the drafting of 
an agenda for the next meeting of his Committee. 

The Working Subcommittee met first in Philadelphia on February 16, 1946. 
The minutes of this first meeting were used as an agenda for the second meet- 
ing held in Washington, D. C., on November 26, 1946, and attended by a num- 
ber of interested non-members including representatives of the British Meteor- 
ological Office, the British Commonwealth Scientific Office, and the National 
Bureau of Standards. The minutes of this second meeting contain an item 
instructing the chairman to prepare a report of the Working Subcommittee’s 
deliberations. 

A preliminary draft of the above-mentioned report was submitted under date 
of April 14, 1947, to Mr. Walker who offered several valuable criticisms and 
suggestions for incorporation in the final draft. Not until now, however, has 
the writer found it possible to prepare this final draft. Meantime the preliminary 
draft has served a very useful purpose as will be noted. 


+ This report was accepted by the International Joint Committee on Psychrometric Data at its 
meeting on May 12, 1949. Chairman of the Joint Committee is Dr. Baldwin M. Woods, past presi- 
dent of the A.S.H.V.E. and director of University Extension, University of California, Berkeley. 

* Dean, Towne Scientific School, University of Pennsylvania. The other members of the Working 
Subcommittee are: C. S. Cragoe, National Bureau of Standards; L. P. Harrison, U. S. Weather 
Bureau; F. G. Keyes, Massachusetts Institute of Technology. S. Gratch, Towne Scientific School, 
University of Pennsylvania, rendered invaluable aid to the Working Subcommittee as technical adviser. 
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At the first full session of the Aerological Commission of the International 
Meteorological Organization (1.M.O.) which met in Toronto, Canada, during 
August, 1947, there was appointed a Subcommission I on Functions and Tables 
under the chairmanship of Prof. P. A. Sheppard, Department of Meteorology, 
Imperial College of Science and Technology, University of London. By its 
terms of reference this Subcommission was charged with the task of recom- 
mending a set of self-consistent, internationally acceptable values of physical 
functions and constants of common use in meteorological practice. It is exceed- 
ingly gratifying to note the extent to which those recommendations of the 
Subcommission having to do with the thermodynamic properties of moist air 
agree with the recommendations of the Working Subcommittee as set forth in 
the preliminary draft referred to in the preceding paragraph. The former were 
adopted officially by the Twelfth Conference of Directors of the International 
Meteorological Organization sitting in Washington, D. C., September, 1947. 

The report of Professor Sheppard’s Subcommission is soon to be printed and 
widely distributed by the International Meteorological Organization as Docu- 
ment No. 71 of its Aerological Commission. It seems especially appropriate, 
therefore, to publish the final report of the Working Subcommittee of the Inter- 
national Joint Committee on Psychrometric Data more or less simultaneously. 
There is ample justification for the A.S.M.E. Special Research Committee on 
Properties of Gases and Gas Mixtures to sponsor the presentation and publica- 
tion of this final report in the fact that it deals with the thermodynamic proper- 
ties of one of the most common and technically important gas mixtures, namely, 
moist air. 

It is to be deeply regretted that this report must record the death late in 1947 
of Mr. Walker, Temporary Chairman, International Joint Committee on 
Psychrometric Data. It was upon his recommendation that Council of THE 
AMERICAN Society OF HEATING AND VENTILATING ENGINEERS invited all 
organizations likely to be interested in the problem of the properties of mixtures 
of air and water vapor to appoint a representative on a joint Inter-Society 
Committee to consider the adoption, when available, of basic equations and 
tables of such properties. 


PROBLEM 


The problem before the International Joint Committee on Psychrometric Data 
may be regarded as consisting of three parts: (A) to obtain information regard- 
ing the thermodynamic properties of moist air which can claim general accept- 
ance as standard on the ground that it is thermodynamically consistent within 
the accuracy of existing knowledge; (B) to develop specifications of standard 
instruments for the practical realization of these properties in the field; (C) to 
recommend standard symbols, terminology, and charts calculated to promote a 
better understanding of underlying theory in its application to practical prob- 
lems involving moist air. 

This report sets forth the recommendations of the Working Subcommittee 
on Part A of the overall problem and explains the reasoning on which these 
recommendations are based. 


1 Exponent numerals refer to Bibliography. 
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CRITERION 


The Working Subcommittee agreed from the start to try to recommend a 
formulation, rather than discrete tables, of the thermodynamic properties of 
moist air, valid over the widest practical ranges of pressure and temperature. 
While for the majority of present day applications in the field of air condi- 
tioning it might suffice to recommend a table of properties at standard atmos- 
pheric pressure, such a table would by no means satisfy the needs of the 
meteorologist or the aerodynamic engineer; moreover, it would be shortsighted 
to assume that, even in the field of air conditioning engineering, the number 
of applications in which accurate properties at other pressures are needed will 
not increase substantially as time goes on. Fortunately, the pressure range of 
principal interest now and probably for some time in the future is the low- 
pressure range where well-tested theory is able to make reliable predictions 
regarding the effect of pressure on the various thermodynamic properties of 
moist air. 

The working Subcommittee found no difficulty in adopting thermodynamic 
consistency within the accuracy of existing knowledge as the principal criterion 
by which to judge the validity of its recommendations. The adoption of this 
criterion at once implies the abrogation of Dalton’s Law on which most predic- 
tions of the thermodynamic properties of moist air have heretofore been based. 
By present day standards Dalton’s Law must be regarded as an inaccurate con- 
jecture based upon an unwarranted faith in the ultimate simplicity of nature. 
Granted that the law and the consequences inferred more or less intuitively 
from it are extremely useful as rough and sometimes even close approxima- 
tions to the truth, their use as a basis for standardization is now completely 
out of the question. 


DaLton’s LAw 


Dalton’s Law is a difficult thing to discuss in any clear and unequivocal 
manner because such a variety of interpretations have come to be placed upon 
it. If the statement of it given by Preston? in his classical treatise, The Theory 
of Heat, be accepted it would appear that the pressure is the only property of 
a gas mixture which the law attempts to predict; and this, it says, is the sum of 
the pressures which the constituents would individually exert if each occupied 
separately the volume of the mixture at the temperature of the mixture. Now 
statistical mechanics predicts that the law would hold identically if each con- 
stituent were a hypothetical perfect gas showing no effects of intermolecular 
forces whereupon (a) the individual pressures would be the individual mol- 
fractions times the pressure of the mixture, (b) the sum of the individual 
enthalpies would equal the enthalpy of the mixture, and (c) the sum of the 
individual entropies would equal the mixture entropy. 

Unfortunately, the preceding predictions (a), (b), and (c), which are strictly 
valid only in the case of a hypothetical mixture of perfect gases, have been used 
as vehicles for the introduction of various concepts that cannot be applied with- 
out ambiguity or thermodynamic inconsistency to mixtures of actual imperfect 
gases. It may be stated that Dalton’s Law regarding the additivity of indi- 
vidual pressures and its alleged consequences regarding the additivity of indi- 
vidual enthalpies and entropies fails mainly, if not entirely, because of the 
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effects of intermolecular forces between unlike molecules while the alleged 
consequences that the individual pressures are the individual mol-fractions times 
the pressure of the mixture fail because of the effects of forces between like 
molecules also. 

Various modifications of Dalton’s Law have been proposed from time to time 
including the so-called Gibbs-Dalton, Amagat, and Lewis-Randall rules. None 
of these, however, offers any substantial improvement over Dalton’s Law itself; 
all of them must now be regarded as conjectures based pretty much on wish- 
ful thinking. 


STATISTICAL MECHANICS 


Developments in statistical mechanics have given us a well-tested theory of 
the thermodynamic properties of gas mixtures which is entirely workable in the 
range of sufficiently low pressures. This theory can be expressed succinctly 
in the following form, 


wi = g%(T) + RTloge(xip) + p (T) — (T)] + . . (I) 


where: the g°,(7T) are pure temperature functions called zsero-pressure reduced 
free enthalpies which are directly calculable from a knowledge of the spectro- 
scopic constants of the atomic or molecular species in question; the x, and +, 
are mol-fractions; the A,,(7) = A,;(7T) are pure temperature functions called 
second virial coefficients (i =k) or interaction coefficients (i #k) in terms of 
which the effects of intermolecular forces are expressed. The chemical poten- 
tials ~;, when expressed as functions of temperature, pressure, and the various 
mol-fractions, are characteristic functions in the sense that from a knowledge 
of them can be derived all thermodynamic properties of the homogeneous phase 
to which they belong by application of such identical relations as the following: 


g = = dg/dp; s = —dg/dT; 
. (2) 


where g, v, s, h denote specific free enthalpy, specific volume, specific entropy, spe- 
cific enthalpy, respectively ; and where + denotes reciprocal absolute temperature. 


Dry AIR 


Atmospheric air is a mixture of at least a dozen different gases including: 
oxygen (Oz), nitrogen (N.), argon (A), carbon dioxide (CO,)—neon (Ne), 
helium (He), krypton (Kr), hydrogen (H.2), xenon (Xe), ozone (O3), radon 
(Rn)—water vapor (H.O). Those in the middle group comprise what is com- 
monly referred to as the residual part of atmospheric air. Paneth® finds their 
individual concentrations to be about as follows: 


PERCENT 

(increasing with altitude) 


(decreasing with altitude) 
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Accordingly the total concentration of the residual part of atmospheric air 
should be expected not to exceed 0.0025 percent. 

The gases in the first group comprise what is commonly called dry air. It is 
true that the relative composition of this group is subject to secular variations 
and variations with location, meteorological conditions, and season, but these 
variations are produced mainly, if not entirely, by variations in the concentra- 
tion of carbon dioxide. All evidence indicates that the average concentration 
of carbon dioxide in dry air in the troposphere is very close to 0.03 percent. 
Carpenter* recommends the value 0.031 percent. 

For the purpose of standardization the composition of dry air can be defined 
more or less arbitrarily. It would seem desirable, however, to base the defini- 
tion on available information regarding the average composition of atmospheric 
air in the troposphere. Carpenter‘ finds that dry air contains 20.939 percent 
oxygen and 0.031 percent carbon dioxide. Paneth? accepts the value, 20.95 
percent oxygen in dry air containing carbon dioxide, recommended by Benedict. 
The National Bureau of Standards has come to prefer the values, 20.94 percent 
oxygen and 0.03 percent carbon dioxide, which are the values originally agreed 
upon by the Working Subcommittee. It later developed, however, that the 
International Meteorological Organization holds a strong preference for the 
Paneth? values quoted previously. Hence, and particularly in view of the fact 
that the definition of what is to be referred to as dry air must be decided upon 
more or less arbitrarily, the writer agreed on behalf of his Working Subcom- 
mittee to accept the values, 20.95 percent oxygen and 0.03 percent carbon dioxide. 

Cady and Cady® find that dry air free of CO, contains 0.93 percent argon by 
volume. This figure would not have to be modified appreciably to apply to dry 
air containing 0.03 percent carbon dioxide; hence it was accepted by the 
Working Subcommittee. 

The (revised) recommendation of the Working Subcommittee regarding the 
composition of dry air is as follows: 


0.7809 
0.0003 

1.0000 


This is a fixed, mol-fraction composition which the Subcommittee intends should 
be regarded as exact by definition. The fact that the foregoing figures were 
derived from experimental determinations made with an Orsat-like apparatus 
which does not yield information regarding the mol-fractions directly was disre- 
garded because it is almost certain that the experimental data themselves are 
not sufficiently precise to justify any attempt at refinement; moreover, as has 
been stated previously, any definition of what is to be called dry air necessarily 
involves some exercise of arbitrariness. 

The definition of dry air adopted by the International Meteorological Organi- 
zation differs slightly from that recommended in the preceding paragraph, by 
including the Paneth® values of the concentrations (converted to mol-fractions ) 
of the residual gases. This slight difference will not affect the calculated values 
of the various thermodynamic properties of dry air, at any rate, not within the 
accuracy of existing knowledge. 
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The Working Subcommittee recommends adoption of the International Com- 
mittee on Atomic Weights (1947) values of the relevant molecular weights7, 
namely, 


Oxygen (O2)..... ..... 82.0000 
Nitrogen (N2)........ .... .28.016 


These yield 28.966, for the apparent molecular weight of dry air. 


PuysicaL ConsTANTS 


The Working Subcommittee recommends that each individual zero-pressure 
reduced free enthalpy g°;(7) appearing in Equation 1 be computed from best 
available spectroscopic data on the energy levels of the molecule in question, by 
the methods of statistical mechanics. Certain fundamental physical constants 
which have to be determined experimentally and which are therefore subject 
to experimental error enter these computations. These include: Planck’s Con- 
stant h, Boltzmann’s Constant k, speed of light c, Avogadro’s Number N,, and 
the relevant molecular weights M;. For the first four of these the Subcommittee 
recommends adoption of the Birge® (1941) values as follows: 


h = (6.6242 + 0.0024) < 10-”.......... erg sec 
k = (1.380474 + 0.00026) x 10-*....... erg/°K 
c = (2.99776 + 0.00004) x 10”.......... cm/sec 
No = (6.02283 + 0.0011) X 108%.......... gmol-! 


DuMond and Cohen® have treated the various input data from which the 
values of the above constants have to be computed in a more impartial manner 
than Birge was able to employ in 1941. Theirs may shortly come to supersede 
the Birge (1941) values. Fortunately, they leave the combinations kN,, hcN,, 
and hc/k unchanged in value. This means that the only effects of using the 
DuMond-Cohen (1948) instead of the Birge (1941) values in calculating the 
thermedynamic properties of moist air wou'd be (a) to reduce the estimated 
uncertainties of the results and (b) to shift by a constant amount the so-called 
absolute entropy of each constituent. At present, however, the air condition- 
ing engineer, the meteorologist, and the aerodynamicist are interested in relative 
values only of enthalpy and entropy; hence effect (b) is of no practical conse- 
quence at present. 


CONVERSION Factors 


The Working Subcommittee also recommends adoption of the following con- 
version factors: 


453.5924...... 

Btu kg e °K /kcal e lb 
860/1.00019......... kcal/abs e kwhr 
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The last two of these will bear some explanation. The symbol kcal is intended 
to designate the so-called steam tables kilocalorie defined in the report of the 
First International Steam Tables Conference!® as 1/860 (mean) inter- 
national kilowatt-hour. Birge (1941) recommends the conversion factor 
1.00020 + 0.000045 (mean) international kilowatt-hour per absolute kilowatt- 
hour. The International Committee of Weights and Measures, at its meetings in 
October 1946, revised the value of this factor downward to 1.00019. This 
revision should, of course, be accepted especially since none of the other funda- 
mental constants or conversion factors listed is affected thereby. 


According to Birge (1941) the mean density of the mercury in a column 76 
cm high at 0 C and 980.665 cm/sec? is 13.59504+0.000057 g/cm%. If the 
standard atmosphere be defined as the pressure exerted by such a column it 
would be equal to 1,013,246+4 dyne/cm?. This is the definition adopted by 
the International Meteorological Organization. Alternatively, the standard 
atmosphere is defined in some quarters as equal to 1,013,250 dyne/cm?, exactly. 
This is the definition recommended by the Working Subcommittee. The differ- 
ence between the two atmospheres is exceedingly small but is mentioned here 
for the sake of definiteness. 


ZERO-PRESSURE REDUCED FREE ENTHALPIES 


By way of introduction it may be well to mention that, in accordance with 
relations in Equation 2, zero-pressure enthalpy h° and zero-pressure reduced 
entropy s° (by reduced entropy is meant the sum, s+ inp) are derivable from 
zero-pressure reduced free enthalpy g°® (by reduced free enthalpy is meant the 
difference, g—RTInp) as follows: 


= d(xg°)/dt ; 5° = —dg°/dT 


Oxygen: Gratch has reduced the recently computed data of Woolley! to the following 
semi-rational equation: 


g°/RT = (7/2)inz + In(1—e-#=) — At — Br? — D/t — F/(e-® — 1) — 1.2164 
with 
@ = 2235.4 °K 
A = 1.073 9K 
B=0 
D = 3.30 X 10-6 9K-! 
F = 0.0111 


Values of zero-pressure enthalpy h° derived from this equation agree with the Woolley 
data to within a maximum deviation of 0.010 percent and a root mean square deviation 
of 0.005 percent in the range 100 to 600°K. Values of zero-pressure reduced free 
enthalpy g° and zero-pressure reduced entropy s° show maximum deviations of 0.002 
percent and root mean square deviations of 0.001 percent from the Woolley data in 
this range. These data themselves are probably accurate to within 0.015 percent in 
the range 100 to 600°K so that a conservative estimate of the probable error of the 
above equation in this range is 0.02 percent in h°, g°, and s°. 

Nitrogen: Gratch1? has reduced his own ca'culations of the zero-pressure properties 
of nitrogen to the following semi-rational equation: 


g°/RT = (7/2)inz + In(1 — — At — Br? — D/z — — 1) + 0.414686 


i 
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with 
6 = 3352.69 °K 
A = 0.9580 °K 
B = 0.09 °K? 
D = 2.023 X 10-6 °K-! 
F = 0.009009 


The estimated uncertainty in values of g® calculated from this equation is 0.011 per- 
cent in the range 50 to 800°K. 


TasBLe 1. ZeRo-PRESSURE PROPERTIES TABLE 2. ZERO-PRESSURE PROPERTIES 


oF Dry AIR OF WATER VAPOR 
J 

43.771 18 1.52160 61-90 80,290 2.26627 6 
-80 46.165 18 1.53431 él 84,709 25 2.30975 6 
-70 48. 19 1.54640 62-70 89,130 27 2.33207 70 
60 50.953 20 1.55791 62 60 93.552 28 2.35331 n 
-50 53.348 21 1, 56889 63-50 7. 29 2.37359 n 
40 55.763 22 1.57938 63 840 102,400 31 2. 72 
=30 58,138 23 1,58%4 -30 106,828 32 2.41158 72 

60,533 1.59910 & -20 111,259 33 2442945 3 
-10 929 25 1,60838 & 10 115,693 35 2.44661 73 

65.326 26 1,61732 65 120,130 36 2.46317 

10 67.724 27 1.625% 65 10 12%.573 37 2.479, 

20 70,122 28 1,63427 65 20 129, 39 2.49457 5 

30 724523 2 1.64231 66 30 133.473 40 2.50951 7 
40 Van Ih 30 1.65010 66 40 137.932 41 2.52399 76 
50 774326 31 1.65765 66 50 142.30 43 2.53803 76 
& 79.730 32 1,66498 67 146.873 2.55166 
70 £2,135 33 1.67210 67 70 151.355 45 2, 56492 7 
80 84,542 1.67901 67 80 155.845 47 2.57780 n 
9 86,952 35 1,6857% 7 9 160,345 48 2.59037 78 


Note: Place rightmost digit of tolerance beneath rightmost digit of value to which it applies, 
regardless of decimal point location. 


Argon: Gratch and Van Voorhis!3 give the following equation valid in the range 
50 to 2000°K with a probable error in g° itself of about 0.02 percent: 


g°/RT = (5/2)int — 1.867. 


Carbon Dioxide: Gratch has reduced the tabulated data of Wagman et al!4 to the 
following semi-rational equation : 
g°/RT = + 2 In(1 — e-%,=) + In(1 — + In(1 — — 1.8945 
with 
= 960 °K 
1944 °K 
63 = 3379 °K 


In the range 300 to 600°K, values of h° and s° derived from this equation agree with 
the Wagman data within 0.05 percent and 0.005 percent respectively. The probable 
error of the equation itself is thought to be less than 0.1 percent in this range. 

Water Vapor: Goff and Gratch15 give what amounts to the following semi-rational 
equation : 


g°/RT = 41nz + In (1 — + In (1 — + In (1 — e767) 
— — — — At — 
+ const. 


[= 
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6; = 2291.16 °K 
62 = 5176.37 °K 


03 = 5445.59 °K 

a; = —0.03958 

a, = +0.05353 
as = +0.04000 

A = 5.011 °K 

D = 2.32 X 10-5 °K-! 
s Gratch has subsequently adjusted the constant by comparison with the Wagman1!4 

data as follows: 
le const. = 4.1083 
The probable error of values of g® calculated from the equation is 0.015 percent in 
the range —90 to +90°C. 
. ZERO-PRESSURE PROPERTIES OF Dry AIR 
All necessary data are now at hand to compute values of the zero-pressure 
enthalpy h°, and zero-pressure reduced entropy s°, for dry air in accordance 
‘ with the relations, 
The numerical value of the gas constant R is obtained by multiplying Boltz- 
mann’s Constant k into Avogadro’s Number N, and applying appropriate con- 
. version factors from the approved list given earlier in this report; the result is 
R = 1.98583 + 0.00022 kcal/kmol °K. 

e The apparent molecular weight of dry air is 


Ma = 28.966 + 0.0016 kg/kmol, 


the indicated uncertainty arising solely from uncertainties in the molecular 
© weights of its several constituents. 

In Table 1 are listed the values so computed, at 10-deg intervals of Centi- 
grade temperature t(°C) defined in terms of absolute temperature T(°K) by 
the relation, 


Recommended tolerances set at 0.04 percent of the values to which they apply 
are also listed in Table 1. 


ZERO-PRESSURE PROPERTIES OF WATER V.APOR 


The necessary data are also at hand to compute the zero-pressure enthalpy h°,, 
and zero-pressure reduced entropy s°, of water vapor. The present best value 
of the molecular weight of water is 


My = 18.016 + 0.0002 kg/kmol. 


with 
h 
e 
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Values of these two properties are listed in Table 2 together with recommended 
tolerances set at 0.03 percent. 


ViriAL COEFFICIENTS OF Dry AIR 


The temperature function A,,(7) is called the second virial coefficient of dry 
air. From Bridgeman’s!® adjustment of the constants in the well-known Beattie- 


TasBLe 3. SECOND V1iRIAL COEFFICIENTS OF Dry AIR 


t Aas Tol, Tol. Can Tol. 
-90 50.4 180.6 19 -0,711 107 

4309 33 161.7 167 -0,610 86 

-70 145.7 143 ~0,529 71 
33.2 25 131.9 1% 0,463 58 

-50 28.9 22 120.0 108 -0,409 48 
~0 25.0 19 109.7 95 -0, 363 41 
-30 21.6 17 100.6 83 325 34 
18,5 15 92.5 -0,292 29 
-10 15.7 13 85.3 66 -0, 265 25 
0 13.2 12 78.9 59 -0.240 22 

10 10.9 1 7301 53 -0,220 19 

20 8,81 95 67.8 48 -0,201 16 

30 6.87 86 63.1 43 -0,1853 142 

40 5.09 78 58.7 39 -°,1712 125 

50 3044 5407 36 -0,1586 110 

60 1.91 65 51,0 32 -0.1474 98 

70 0.49 59 47.6 30 -0,1373 87 

80 0.8 5h 44.5 27 -0,1283 77 

90 2,07 54 41. 25 -0,1201 69 


Bridgeman equation of state, its dependence upon absolute temperature 7 (°K) 
is given by 


Aaa = —40.70 + 13116< 
+12 X 1073 cm*/gmol. 


Table 3 lists values of A,, and of the derived coefficients, 


Baa = d(tAaa)/dt and 
Caa = dAaa/dT, 


together with recommended tolerances obtained by comparison with other 
formulations. 

Strictly speaking the values listed in Table 3 apply to dry, CO,-free air. The 
Subcommittee, however, recommends them as applying to dry air as defined 
in this report because it estimates that the corrections necessary to achieve 
complete consistency would be well within the probable error of the values 
themselves. 


Third Virial Coefficients 


Following the rightmost term in Equation 1 comes a term proportional to 
the square of the pressure (p?) in which the so-called third virial coefficients 


. 
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appear. By analogy, this term is + Yep? (23.4) 4 544, ix), 
the value of A,,, being unchanged by permutation of the indices ;;,. The third 
virial coefficient of dry air A,,,(T) is entirely negligible in the range 150 to 
400°K, 0 to 10 atm (atmosphere). 


Vir1IAL COEFFICIENTS OF WATER VAPOR 


Goff and Gratch!7 have formulated the data on the second and third virial 
coefficients of water vapor as follows: 


4. SeEconpD ViRIAL COEFFICIENTS OF WATER VAPOR 


t Tol, Tol, Cy Tol, 
-90 - - - - 
=-70 - - - 
-60 - - - - - - 
29000 26000 100 110 
-20 ~ 20800 9500 -71 38 
-10 2300 1900 15600 3800 - 51 u 

0 1830 800 12000 1600 - 37.2 59 

10 1510 400 9440 800 = 28,0 28 

20 1260 210 7570 420 - 21.5 u 

30 1074 116 6180 230 - 16,8 76 

40 924 66 5120 130 - 13.40 42 

50 803 40 4298 80 - 10,81 25 

60 705 25 3653 49 - 8.85 15 

70 625 16 3138 31 = 763% 90 

80 558 10 2722 21 - 6,129 59 

90 501 4 2382 u - 5.179 9 


Aww = —33.97 + 553067 
© 1072000:? cm?/gmol 
Awww = 0.034877A 
eatm 


Values of these and the corresponding derived coefficients, B = d(rAd)/dr and 
C=dA/dT, are listed in Table 4 and Table 5 together with tolerances set at 
twice the probable error of the values themselves as inferred from the deviations 
in the experimental data on which they are based. Higher virial coefficients 
make negligible contributions at pressures below the saturation pressure up 
to at least 400°K. 


INTERACTION COEFFICIENTS OF Moist AIR 


For the purpose of thermodynamic analysis moist air may be regarded as a 
binary mixture of dry air and water vapor. By this simplification the number 
of chemical potentials p,; is reduced to two, namely p, and py. Each of these 
is given as to form by Equation 1; each contains, besides the second virial 
coefficients A,, and A,,,,, an interaction coefficient A,,. Goff and Gratch!5 have 
formulated data obtained under a cooperative investigation between the Towne 


= 

. 
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Scientific School, University of Pennsylvania, and THe AMERICAN SOCIETY OF 
HEATING AND VENTILATING ENGINEERS into the following semi-rational 
equation: 


+ Bx? + Dz cm*/gmol 


TABLE 5. VIRIAL COEFFICIENTS OF WATER VAPOR 


t Tol, Tol, Tol. 

0 - - - - - - 
10 - - - 
20 ~ 15000 18000 “47 61 
30 - - 8100 5300 -25 17 
40 - - 4600 1800 -14.0 58 
50 - - 2770 640 - 8.0 20 
60 110 120 1710 240 - 4,80 72 
70 72 50 1090 100 - 2.97 29 
80 48 a 709 43 - 1,87 R 
90 33 10 47h 20 -1a 6 


TABLE 6. INTERACTION COEFFICIENTS OF Moist AIR 


t Tol. Tol. Coy Tol. 


‘a ‘aw ‘a 
°¢ (em?/gmol) (em?/gmol) (cm3/gmol °K) 
-90 84.2 86 226 17 0.77% 93 
80 77,0 82 207 16 0.67% 
-70 70.7 78 191 15 0,591 1 
65,1 75 17 0,523 63 
-50 60.2 72 164 13 0,466 56 
~40 55.8 70 153 13 -0,418 50 
-30 51.8 67 143 R 376 45 
=-20 48,2 65 135 12 41 
-10 45.0 63 126.6 112 310 37 
0 42.0 61 119.5 108 
10 3943 60 113.0 1% 0,260 31 
20 36,8 58 107,0 100 0,240 29 
30 34.5 57 101.6 0,221 27 
32.3 55 % 0,205 25 
50 30.4 54 91.9 91 -0,190 23 
60 28.5 53 ° 89 -0,177 21 
70 26.8 52 83.6 86 0,165 20 
80 25.2 51 79.9 0,155 19 
90 23.7 50 ok 82 0.145 17 


with 
6 = 4416.5 °K 
A = 17,546 cm’ °K /gmol 
B = 95,300 cm’ °K?2/gmol 
D = 8.515 X 107 cm’ °K*/gmol. 


Values of A,, and of the corresponding derived coefficients, B,,, and C,y, are 
listed in Table 6 together with tolerances set at thrice the estimated probable 
errors of the values to which they refer. These probable errors are difficult 
to estimate reliably because of the meagerness of experimental data; hence they 
are multiplied by three instead of two to get the corresponding tolerances. 


Aaw = —29.53 + 0.006697(1 — e-6) 
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Each chemical potential also contains, besides the third virial coefficients A... 
and Ayww, the higher order interaction coefficients A,,, and A,wy. Pending 
further research it is necessary to assume that of these four coefficients only 
Awww Makes any appreciable contribution to the thermodynamic properties of 
moist air, at any rate, in the range 150 to 400°K and 0 to 3 atm. 


SATURATION PRESSURE OF WATER 


Goff and Gratch!? have calculated the saturation pressure of pure water from 
other relevant data by means of the identical relations of thermodynamics. 
Their calculations involve an integration, over the logarithm of absolute tem- 
perature, of an integrand which varies only slowly with temperature. Their 
results may therefore be regarded as determining the function p,(7T) or the 
function p,(t), where ¢ is the Centigrade temperature defined by Equation 4. 

a. Saturation Pressure of Ice, —100 to 0°C. Values of the saturation pressure of 
pure ordinary water ice are to be computed from the Goff-Gratch formula, 


logipsi = —9.09718(To/T — 1) 
—3.56654 logio(To/T) 
+0.876793(1 — T/To) 


with 7,=273.16°K=491.688°R and with fs:(T.)=0.0060273 atmospheres, a constant 
integration which has been adjusted so as to make ps: equal to pst (see following 
paragraphs) at T=273.17°K, the triple point of water. 

The formula as published!7 gives the logarithm of the saturation pressure as the 
sum of three terms only one of which is explicit in temperature, the other two having 
been left in the form of definite integrals, over the logarithm of absolute temperature, 
whose integrands contain both temperature and saturation pressure. In computing 
numerical values it is easy to evaluate these integrals by the method of successive 
approximations. For the greater convenience of the user, however, Gratch18, has 
replaced these integrals by empirical expressions whose constants he has then adjusted 
by the method of least squares to make the formula (Equation 5) yield values of 
logio[Ps:/Ps:(To)] showing an average deviation of 0.002 percent and a maximum 
deviation of 0.015 percent from those given by the formula as previously published. 

b. Saturation Pressure of Liquid Water, —50 to 100°C. Values of the saturation 
pressure of pure ordinary liquid water are to be computed directly from the Goff- 
Gratch formula!’?, namely, 


logiopst = —7.90298 (Ts/T — 1) 
+5.02808 logio (Ts/T) 
—1.3816 X 10-7 (1011-344(1-T/1T,) — 1) 
+8.1328 « 10-3 (10-3-#9149(7, /T-1) — 1) 


with 7,=373.16° K=671.688°R and with fsr(7.)=1 atm. 


c. Undercooled Liquid: At temperatures below 0°C it is not possible for the vapor 
and liquid phases of pure water to coexist in stable equilibrium; it is an experimental 
fact, however, that they can coexist in what is called metastable equilibrium, in which 
case the coexisting liquid phase is called undercooled liquid. 

Since reliable experimental data on the thermodynamic properties of undercooled 
liquid are not presently available, interim values can only be obtained by some sort 
of extrapolation. Washburn!® has, in effect, extrapolated the specific heat data of 


. 
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Barnes and Cooke?® in the range, —5 to 5°C, to develop a formula for logio(/st/Ps:) 
which has heretofore been widely used. This formula may now be corrected to make 
it consistent with the Osborne?! value of the heat of fusion of ice at 0°C and with 
the Giauque and Stout?2 measurements of the specific heat of ice. 

Gratch23 has calculated values of the ratio psr/psi from: (a) the original Wash- 
burn formula; (b) the corrected Washburn formula; (c) the Osborne, Stimson, and 
Ginnings?4 formulation of the calorimetric quantity y using the approximate relation 
y=RT?2dlnps:/dT ; (d) the corrected Washburn formula adjusted to fit the Scheel and 
Heuse?5 experimental measurements of fst down to about —15°C after omitting the 
last term which is quite small in the experimental range but increases very rapidly 
as temperature decreases; and (¢) the Goff-Gratch formulas quoted. The results of 
these calculations are compared as follows: 


SATURATION PRESSURE OF UNDERCOOLED LiguIpD 


(Pst/ Psi) 

(e) (a)-(e) (b)-(e) (c)-(e) (d)-(e) 

0 | 1.0001 —.0001 | 0.0000 0.0000 0.0000 
—10 1.1023 — .0002 | —.0001 +.0005 —.0014 
—20 1.2154 — .0004 — .0003 +.0013 —.0018 
—30 1.3395 —.0014 | — .0009 +.0031 — .0933 
—40 1.4738 —.0039 — .0031 +.0072 — .0920 
—50 } 1.6151 —.0077 | —.0098 +.0167 +.0044 

| | 


Another comparison based on an extrapolation of the Smith and Keyes?® data on 
the specific volume vr of the saturated liquid is of interest. Using the Goff-Gratch 
values of pss together with previously quoted information regarding zero-pressure 
enthalpy °,, the virial coefficients Aww, Awww, and the corresponding derived coeffi- 
cients Bww, Beww, We may compute values of the specific enthalpy h+ of the saturated 
liquid from the identical relation, hr=he— (ve—wr) (dpst/dT). It is safe to ignore 
the extremely small variation with temperature of the difference between /ir and 
the specific enthalpy h’w of compressed liquid at atmospheric pressure and regard 
values of the quantity dhr/dT as values of the isobaric specific heat c’w at atmospheric 
pressure. In the following table these are compared with (a) values obtained from 
extrapolation of the Osborne, Stimson, and Ginnings?4 formula and (b) values 
obtained from extrapolation of the Washburn!9 formulation of the Barnes and 
Cooke?9 data. 


SpeciFic Heat oF UNDERCOOLED Ligu1D 


Gorr- BARNES 
GRaTCcH NBS 
—10 1.018 1.022 1.023 
—20 1.039 1.055 1.045 
—30 1.075 1.130 1.074 
—40 1.14 1.30 1.11 
—5 1.27 1.70 1.15 


The saturation pressure of undercooled liquid is of such great concern to the meteor- 
ologist, if not to the engineer, that it seems necessary to recommend one of these extra- 
polations pending further research. The International Meteorological Organization 
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recommends extrapolation of the Goff-Gratch formula down to —50°C because it 
insures continuity of 0°C and minimizes the number of formulas to be quoted. 

Table 7 lists values of saturation pressure calculated from the Goff-Gratch formulas. 
Recently Keyes27 has reviewed and reformulated existing data on this important 
property in the range 0 to 150°C in the light of the findings of Blaisdell and Kaye? 
regarding the relation between the absolute and the International Centigrade tem- 
perature scales. His results are in remarkably close agreement with the values listed 
in Table 7 for temperatures above 0°C. 

Regarding the tolerances listed in Table 7, each of those below 0°C has been set 
at thrice the estimated probable error of the corresponding saturation pressure; those 
above 0°C are the ones recommended by the Third International Conference on 


TABLE 7. SATURATION PRESSURE OF PuRE WATER 


( MILLIBARS* ) 
=-90 0,0000967 9 
-80 ~ 0, 0005472 44 
60 0.01080 7 
~40 0.18909 0.1283 6 
-30 0, 50888 - 0.3799 u 
-20 1.2543 1,032 2 
-10 2.863 - 2.597 5 
6.1078 59 6,107 6 
10 12,272 10 - - 
20 23.373 20 - o 
30 42.430 29 
40 730777 37 - 
50 123.40 6 - « 
60 199. 10 - « 
70 311,69 16 - o 
80 473.66 2 - 


a1 millibar = 1000 dyne/cm? 


Steam Tables29; no attempt has been made to set tolerances on the recommended 
values of the saturation pressure of undercooled liquid. 

Above 0°C the recommended values of saturation pressure differ slightly, but 
nevertheless significantly, from those previously recommended by the Third Inter- 
national Conference on Steam Tables?® if the difference between the absolute and 
the International Centigrade temperature scales be ignored in making the comparison. 
The analysis of Keyes?7 may be taken to show, however, that the two sets are brought 
into remarkably close agreement by transferring the latter from the International 
Centigrade to the absolute scale by means of the Blaisdell and Kaye?8 findings 
regarding the relation between the two scales. It seems clear, therefore, that the 
tolerances recommended by the Third International Conference on Steam Tables could 
stand reduction. 


SATURATION OF Moist AIR 


Moist air is said to be saturated when its condition is such that it can coexist 
in neutral equilibrium with an associated condensed phase presenting a flat 


‘ 
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surface to it. Strictly speaking, the associated condensed phase is not pure 
water, but water containing small concentrations of dissolved gases. The rela- 
tive concentrations of these dissolved gases are not the same as those of the 
same gases in the vapor phase, but we are practically compelled to ignore the 
very slight differences and to regard the condensed phase as an ideal mixture 
of pure water and dry air having but two component chemical potentials, 
and 

In line with the foregoing simplification we can say that moist air is saturated 
when it has the same values of temperature, pressure, and its two component 
chemical potentials as does the associated condensed phase. There are thus four 


Taste 8. Tue Coerricient f,(p,7) 


= 300 mb.* p= 700 mb. p= 1100 mb. 
t 
°c fat fei fae 
-90 - 1,0027 ~ - - - 
1,002 - 1,0057 1,0089 
-70 1,0022 12,0051 1.0080 
-60 1,0020 - 1.0046 1,0073 
~-50 1,0018 1,0018 1,0042 1,0042 1,.0065 1,066 
~40 1.0017 1,0017 1.0038 1,0039 1,0060 1,9061 
-30 11,0016 1,0016 1.0036 1,0036 1.9055 1,0056 
-20 1,0015 1,0015 1,00% 1. 1.0052 1,0052 
-10 1,0015 1,0015 1.9032 1,0033 1.9049  1,0050 
0 1,0016 1,0016 1,0032 1,0032 1,0047 1,0048 
10 1, 0018 1.9032 1.0047 - 
20 1,0020 - 1,0034 - 1.0048 - 
30 1,0023 1,0037 1,0050 
40 1,0026 1,0041 @ 1,0054 
50 o 1,0045 1,0059 
60 - - 1,0048 1,0064 


a1 millibar = 1000 dyne/cm? 


relations to be satisfied at saturation. These four relations involve, however, 
six independent variables, namely, the two temperatures, the two pressures, and 
the two mol-fractions; hence, the two-phase system has two degrees of freedom 
at saturation. This means that such quantities as the weight of water, the 
volume, the enthalpy, and the entropy—all per unit weight of dry air—must be 
regarded as functions of two independent variables which are usually chosen 
to be pressure p and temperature T. 


Humipity Ratio AT SATURATION 


The weight of water vapor per unit weight of dry air is called humidity ratio 
or mixing ratio. It is denoted by the letter W to which may be affixed the sub- 
script , to specify its value at saturation. It is convenient to introduce a coeffi- 
cient f,(?,T) defined by 


fabs/P 
We = 0.62197 
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where /, is the saturation pressure of pure water, a function of temperature only, 
and 0.62197 = 18.0160/28.966. 

Goff and Gratch®®: 3! have reduced the conditions for saturation in the case 
of moist air to 


logefs = a(1 — ps/p) + G(p/pbs- 1)... . (8) 
with 
a = (Aaa — 2Aaw + Aww)hs/RT + Awwwhs?/RT 
@ = —k'ps + v'whs/RT + (Aaa + 2Aaw)ps/RT 
TABLE 9. COEFFICIENTS IN THE EXPRESSION FOR 
SATURATION 
-90 0.0000 4 - - 0.87x10°9 13- 
-80 0.0000 4 - 0,44x10-8 7 
-70 0,.0000 4 - 1,90x108 29 
0,0000 0.0000 & 3.7 x10°7 2,35x10-7 35 
~%40 0,0000 0.0000 & 1,02x1 - 0,70x10-6 11 
-30 0,0001 0.0001 4 2.520106 - 1,91x10-6 29 
-20 0,002 0,001 4 0.57105 - 7 
-10 0,0003 0.0003 & 1.22105 - 1.110105 17 
0,00%8 42 0,0005 36 «2.430105 
20 0,00117 41 - - 0,.79x10% 12 as 
30 0,0017% 421 - - 1.310% 20 
40 0,00251 1 - 2,19x10% 33 
50 0,00352 42 - 52 - 
60 0,004,683 Lh - 526x104 79 - 
70 0,00649 46 @ = 0, 78x10-3 2 
80 0,00854 49 - 17 
90 9.01103 56 - - 1,5810-3 
where * 


~ 


k’ = solubility coefficient of air in water, 
v'w = specific volume of (liquid or solid) water. 


Table 8 gives an idea of how the coefficient f,(p,7) varies with pressure 
and temperature. In computing the data listed in Table 8, values of k’ for liquid 
water above 0°C have been taken from Jnternational Critical Tables??; k’ has 
been assumed to be zero for undercooled liquid and ice. Values of v’,, for liquid 
water above 0°C have been taken from Osborne, Stimson, and Ginnings*®*; a 
constant value of 18.0 cm*/gmol has been assumed for undercooled liquid; 
values for ice have been taken from Jakob and Erk®4 and from Keenan and 
Keyes?5, 

Rather than list the values of k’ and v’, used in calculating values of the 
coefficient f,(p,T) it seems better to list, as is done in Table 9, values of the 
coefficients a and 8 in which they appear along with other properties discussed 
previously. In Table 9 the tolerances given are based on the previously stated 
tolerances for A,,, Agy, etc., on an arbitrarily chosen tolerance of 10 percent in 
k’, and on zero tolerance in v’,. 

Table 10 lists values of humidity ratio at saturation at standard atmospheric 
pressure together with tolerances at least twice estimated probable error. 
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TasLe 10. Humupity Ratio at SATURATION 
(Standard Atmospheric Pressure) 


t Ww Tol wW Tol. 
sf si 
80 0, 3386x1/ 
% : 3 
-50 0.392% x10 0,2430x10~% 17 
1,168 0, 7923x104 47 
-30 0.3141 xl10-3 0,2345x10-3 
-20 0.7744 x10~3 0.6370x10-. 26 
-10 1,'7688 x10-3 - 1,6057x10-3 48 
o~2 80 3. 7686x107 80 
10 0.7659 x10~2 15 ie 
20 0.14754x1072 28 
fmt 
50 0,8680 x10~-2 13 
0.15340 25 - 
7 47 
80 0.55200 105 
38 


VoLUME 


The correct expression for the specific volume of moist air can be derived 
from Equation 1 for the chemical potentials by forming the specific free enthalpy 
g according to the identical relation, g = }r,p;, and differentiating this accord- 
ing to the identical relation, v= 8g/8p. The volume of moist air per unit 
weight of dry air is obtained from its specific volume in an obvious manner. 


11. Votume or Moist Arr PER UNIT WEIGHT 
oF Dry AIR 


(Standard Atmospheric Pressure) (cm3/g) 


t A Yor Tol. Tol. 
517.1 25 - - 517.13 25 
=-70 574.20 22 57h.20 22 
60 602, a - - 602,71 a 
67,18 20 631.22 631,20 20 
<0 659. 19 659. 77 e 659. 73 19 
-30 688,09 18 688.44 35 18 
=20 716.53 18 17.42 717.26 18 
-10 Thhe 17 7h7.06 - 146,88 18 
17 TTB. 18 18 
10 801.77 17 19 
20 830. 17 849,80 a 
3 858,57 18 896,13 25 - o 
40 886, 18 956, 29 banal al 
50 915.35 19 1042.36 38 
60 943.73 19 1174.90 56 
70 972.10 20 1404.25 93 - - 
80 1000, 20 1879.2 19 - ie 
90 1028, 85 a 3341.2 


‘ 
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Table 11 lists values of the volume of moist air per unit weight of dry air at 
standard atmospheric pressure, together with tolerances at least twice the esti- 
mated probable error. 


ENTHALPY 


The correct expression for the specific enthalpy of moist air can be derived 
from Equation 1 for the chemical potentials by forming the specific free enthalpy 
g according to the identical relation, g = Sx; ;, and differentiating this accord- 


TaBLe 12. ENTHALPY OF Moist AIR PER UNIT WEIGHT 
oF Dry AIR 


(Standard Atmospheric Pressure) (kcal/kg) 


h 


148 
3 


Tol. 
20 
17 
u 
89 
68 
49 

31 
16 
15 
28 
42 
55 
67 
80 
91 

104 
R 


ing to the identical relation, h = §(rg)/8r, where +r denotes reciprocal absolute 
temperature. The enthalpy of moist air per unit weight of dry air is obtained 
from its specific enthalpy in an obvious manner. 

The enthalpy of moist air per unit weight of dry air is subject to augmenta- 


tion by amount h, + Wh,, where h, and h, are arbitrary constants. In Table 
12 the constant h, has been adjusted so as to make the specific enthalpy of dry 


air zero at 0°C and standard atmospheric pressure; the constant h,, has been 
adjusted so as to make the specific enthalpy of saturated liquid water zero at 0°C 
in conformity with the usual steam table practice. 


ENTROPY 


The correct expression for the specific entropy of moist air can be derived 
from Equation 1 for the chemical potentials by forming the specific free enthalpy 
g according to the identical relation, g = Yx;p;, and differentiating this accord- 


nee z 
-90 21,641 @ -21,641 
=80 -19,230 -19.230 
-70 16,823 ~16,822 
-50 -12,0132 -11,9897 -11,9992 
40 9,6093 925410 9.56% 
=30 = 7.2065 = 7.0226 7.06% 
-20 = £28046 4.3487 = 4.4298 
-10 = 2.4027 = 1.3540 - 1.4510 
0 0,0000 + 2,2622 + 2.2622 
10 2.4021 7,0091 
; 20 428052 13.744 
30 1.20% 23.880 
40 926140 39.796 
50 12,0195 65.731 
60 14.4264 110,00 : 
70 16,8348 191.71 - 
80 19.2447 367.68 - 2 
90 21,657 921.1 - 
& 
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TaBLe 13. Entropy or Moist Air PER UNIT WEIGHT 
oF Dry AIR 
(Standard Atmospheric Pressure) (kcal/kg°K) 


-90 -0,09611 nu - -0,09611 11 
-70 ~-0,0711 7 -0,07116 7 
-60 -0,05960 5 -0,05958 5 
-50 ~0, 04957 4 =0,04846 - -0,.04850 4 
“40 ~0,03 0.03774 - 0.03783 3 
-0,02795 2 -0,02716 ~0,02735 2 
~-20 0.01826 1 -0,01670 2 
-10 00896 1 -0,00478 -0,00514 2 
0,00000 +0,00870 2 +0,00870 2 
10 +0, 00864 1 0.02574 4 - - 
20 0.01698 1 0.04911 7 - - 
30 0,02504 2 0,08312 
40 0,0 2 0.13485. 18 - = 
50 0, 04040 2 0, 21669 29 
60 0.04774 3 0.35246 52 
70 0.05486 3 0, 59601 
80 0,06178 4 1.11236 203 - 
90 0.06852 4 267830 - 
ing to the identical relation, s= —8g/87T. The entropy of moist air per unit 


weight of dry air is obtained from its specific entropy in an obvious manner. 
The entropy of moist air per unit weight of dry air is subject to augmenta- 


tion by amount s, + Ws,,, where s, and s, are arbitrary constants. In Table 13 
the constant s, has been adjusted so as to make the specific entropy of dry air 


zero at 0°C and atmospheric pressure; the constant Sw has been adjusted so as 
to make the specific entropy of saturated liquid water zero at 0°C in conformity 
with the usual steam table practice. 


14. PrRoperTIES OF CoNDENSED WATER 
(Standard Atmospheric Pressure) ,/ 


°C * liquid solid © Uquid solid 
-90 - -117.79 - 0.4590 
-80 -14. 25 0.4402 
-70 = -110, 54 0,421, 
60 -106, 64 - -0,4028 
-50 -53.97 -102,58 -0,2192 
~40 42,00 98.34 0.1666 3655 
-30.% 93.92 -0,1201 -0, 3470 
20.40 89.34 -0,0776 2285 
-10 -10, u 57 -0, 0378 -0, 3101 
+ 0,02 - 7% - 0,0000 -0,2916 
10 10,06 ~ +0,0361 - 
20 20, - 0.0708 - 
30 30,04 - 0.1043 
40 40,03 = 0.1367 - 
50 50,01 - 0.1681 - 
60 200 0.1985 
70 Oo. 2281 
80 80,01 0.2568 - 
90 90,05 - 0, 2848 - 
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CoNDENSED WATER 


In the definition of thermodynamic wet bulb temperature to be given later 
there appears the specific enthalpy h’,, of pure (air-free) compressed liquid (or 
solid) water. Values of h’,, and of the corresponding specific entropy s’, are 
listed in Table 14 for standard atmospheric pressure. The reference point at 
which both enthalpy and entropy are assigned the value zero is saturated liquid 
at 0°C in conformity with usual steam table practice, The values for under- 
cooled liquid are based in part on an extrapolation of the Smith and Keyes? 
volume data, in part on the recommerided extrapolation of the Goff-Gratch 
formula in Equation 6 for the saturation pressure p,r, and in part on other data 
previously quoted. Since the first extrapolation is a fairly safe one inasmuch 
as the final results depend only slightly on the liquid volume, these values 
should be recommended for adoption, pending further research, if for no other 
reason than that they are consistent with previous recommendations. 


REFERENCE POINTS 


The Working Subcommittee discussed the question of reference points at some 
length. Moist air, as defined in this report, is a mixture of five constituent gases: 
oxygen nitrogen (N»), argon (A), carbon dioxide (CO,), and water 
vapor (H.O). The enthalpy of each of these constituent gases i is subject 


to augmentation by a constant amount /,, called its null-point (p= 0, T= 0) 
enthalpy; the entropy of each constituent is subject to augmentation by a con- 


stant amount s,, called its null-point reduced entropy (by reduced entropy is 
meant the sum, s+ Rinp, with pressure expressed in standard atmospheres). It 
follows that the enthalpy and entropy of dry air are subject to augmentation 
by constant amounts, = and respectively; similarly, the 
enthalpy and entropy of water are subject to augmentation by constant amounts, 
hy and Sws respectively. 

Tables 1 and 2 of this report are based on the arbitrary assignments: 
h, = hy = Sy = 0. 

Tables 12, 13, 14 are based on the following assignments: for dry air, both 
enthalpy and entropy are assigned the value zero at 0°C, atmospheric pressure; 
for water, both enthalpy and entropy are assigned the value zero at 0°C, 
saturated liquid. Using the data previously quoted in this report it is easy to 


compute that these assignments are to be implemented by making : h, = —65.260 
keal/kg, s,= —1.61712 kcal/kg°K, hy = +477.277 kcal/kg, sy = —0.83960 
keal/kg°K. 


The Goff-Gratch tables, Thermodynamic Properties of Moist Air!5 and 
Thermodynamic Properties of Water at Saturation!’, are based on the follow- 
ing assignments: for dry air, both enthalpy and entropy are assigned the value 
zero at 0°F, atmospheric pressure; for water, both enthalpy and entropy are 
assigned the value zero at 32 F, saturated liquid. Using the data previously 
quoted in this report it is easy to compute that these assignments are to be 


implemented by making: h,= —109.782 Btu/Ib, s,= —1.60096 Btu/Ib°R, 
hy, = +859.099 Btu/Ib, Sw = —0.83960 Btu/Ib°R. The tables referred to have 
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STANDARD ATMOSPHERIC PRESSURE 


t(°C) ha hs Sa Ss “ S'w 
—90 43.619 43.619 1.52101 1.52101 —595.07 0.3806 
0 65.260 65.714 1.61712 1.62030 — 477.26 0.8396 
90 86.917 310.54 1.68564 2.87451 — 387.23 1.1244 


been reproduced in HEATING, VENTILATING, AIR CONDITIONING GUIDE pub- 
lished and widely distributed by THE AMERICAN Society oF HEATING AND 
VENTILATING ENGINEERS. Using the same assignments, additional tables giving 
the thermodynamic properties of moist air for six different pressures above 
atmospheric and up to 150 lb/in.2 have been compiled in the University of . 
Pennsylvania Thermodynamics Research Laboratory®® under Project G-8. It is 
clear, therefore, that the assignments of this paragraph are destined to be used 
rather widely in engineering circles. 

On the other hand, the tables being compiled in the University of Penn- 
sylvania Thermodynamics Research Laboratory for publication in Smithsonian 
Meteorological Tables*! are based on the following assignments: for dry air, 
both enthalpy and reduced entropy (by reduced entropy is here meant the 
sum, s+ Rinp, with pressure expressed in millibars) are assigned the value zero 
at 0°C, zero pressure; for water, both enthalpy and entropy are assigned the 
value zero at 0°C, saturated liquid. Using the data previously quoted in this 
report it is easy to compute that these assignments are to be implemented by 
making: h, = —65.326 kcal/kg, s,—= —2.09179 kcal/kg°K, hy = + 477.277 
kcal/kg, s, = —0.83960 kcal/kg°K. 

In most, if not all, tables giving the thermodynamic properties of moist air, 
the usual steam tables practice of assigning the value zero to both the enthalpy 
and the entropy of water at 0°C, saturated liquid is followed. There is, however, 
no unanimity in the choice of reference point for dry air. Perhaps this lack of 
unanimity is of little practical importance because it is so easy to convert from 
one choice to another. The Working Subcommittee decided not to indicate 
a preference. 


Recent developments in the science of interpreting atomic and molecular 
spectra have focused attention upon the zero-pressure isobar as the line along 
which the thermodynamic properties of gases and gas mixtures generally can at 
any time be known with greatest accuracy. This is certainly true in the case 
of moist air; hence the relative permanence of the numerical values assigned 
to the null-point enthalpies and reduced entropies of dry air and water would 
be enhanced by placing both reference points on the zero-pressure isobar at 
some stated value(s) of absolute temperature. The obvious location would be 
the null-point (p=0, T=0) itself; indeed the null-point suggests itself as 
the logical reference point for all gases. 


Even if the null-point were to be adopted as the common reference point it 
would still be necessary to decide what are the best values to assign to the 
enthalpy and reduced entropy there for each gas under consideration. Tables 1 
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and 2 of this report are based on the assignments, h, = s, = hy, = s, =0, as is 
the preceding skeleton table. 

In this table the unit of enthalpy is the kcal/kg, that of entropy, the 
kcal/kg°K. At —90°C the values given for h, and s, are for saturation with 
respect to ice; those for h’, and s’, at this temperature are for ice also. The 
data in this table should be compared with those in Tables 12, 13, and 14. 

According to the so-called Third Law of Thermodynamics the assignments, 


$, = 0, are always permissible if nuclear changes are ruled out of consideration 


provided that, in computing values of s°,—s;, possible contributions from 
nuclear spin and other nuclear energy levels are consistently included or 


excluded (it is common practice to exclude). But the assignments, h, = 0, are 
in general not permitted if ordinary chemical changes are not to be ruled out 


of consideration. In this case only as many of the h, can be disposed of arbi- 
trarily as there are distinct atomic species. It would therefore seem logical to 
exercise this permitted arbitrariness on the null-point enthalpies of the mon- 
atomic gases themselves. Undoubtedly there will be a move in this direction 
as the accuracy and completeness of our knowledge of the dissociation energies 
of molecular gases, by which their null-point enthalpies are related to those of 
the associated monatomic gases, become more satisfactory. 


Dew-Point TEMPERATURE 


A derived thermodynamic property of moist air of great importance in 
hygrometry is the so-called thermodynamic dew-point temperature 74. The 
Working Subcommittee recommends that this important property be defined as 
the solution T4(~p,W) of the equation, 


(9) 


The definition is given in mathematical form to avoid ambiguity. It is a problem 
belonging properly to practical hygrometry to design and construct dew point 
hygrometers capable of reading values of thermodynamic dew-point tempera- 
ture as defined by Equation 9 after suitable calibration. The I.M.O. has con- 
curred in the foregoing definition. 


Wet TEMPERATURE 


Another derived thermodynamic property of moist air of great importance in 
psychrometry is the so-called thermodynamic wet bulb temperature T,. The 
Working Subcommittee recommends that this important property be defined as 
the solution T,,(~,7,W) of 


h(p,T,W) W eh'w(p,Tw) hs(p, Tw) W3(p, Tw) © h'y(p,Tw) (10) 


where it is to be understood that h’, denotes the specific enthalpy of pure com- 
pressed liquid (or solid) water. This definition is also given in mathematical 
form to avoid ambiguity. It is a problem belonging properly to practical psy- 
chrometry to design and construct psychrometers capable of reading values of 
calibration. It seems likely that the I.M.O. will concur in the foregoing definition. 


: 
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In justification of this definition it may be said that it combines the correct 
energy and weight accountings for the steady-flow process of injecting pure 
compressed liquid (or solid) water at pressure p and temperature 7, into a 
stream of moist air at pressure p, temperature 7, and humidity ratio W to bring 
the air adiabatically to saturation at pressure p and temperature 7,. This is 
to be regarded as the appropriate idealization of the actual process by which the 
thin film of water on a wet bulb thermometer immersed in a stream of moist air 
maintains, at any rate for a time, a steady value below that of the air itself. 
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No. 1376 


SPECIAL MEETING 
New York, N. Y.—Novemser 21, 1949 


Pres. A. E. Stacey, Jr., called a special meeting of THE AMERICAN SOCIETY 
oF HEATING AND VENTILATING ENGINEERS to order at 6:00 p.m., November 
21, 1949, at the Building Trades Club, 2 Park Ave., New York, N. Y. 


The Secretary, A. V. Hutchinson, read the call for the meeting: 


1. To act upon a proposal to revise the Charter (Certificate of Incorporation) of 
the Society by substituting for the present purposes and powers the attached purposes, 
powers, and provisions, and to authorize the Officers of the Society to execute and 
file with the proper authorities an appropriate Certificate of Amendment. 

2. To consider the written proposal to amend the Constitution, By-Laws and Rules 
of the Society by substituting therefor a new set of By-Laws as recommended by 
the Constitution and By-Laws Committee and approved by the Council; and to deter- 
mine whether the same shall be mailed to the members of the Society for action at 
the Society’s next Annual Meeting. 


President Stacey said that each member had received the meeting notice and 
copy of the proposed Charter revisions by mail and he would entertain a motion 
authorizing the Officers of the Society to take the necessary action to file 
amendments to paragraph 4 of our Charter (Articles of Incorporation) in order 
to improve our situation as a scientific and educational organization. 

M. F. Blankin, Philadelphia, Pa., offered the following resolution which was 
seconded by Ernest Szekely, Milwaukee, Wis. : 


Resotvep, THAT in place of Paragraph 4 on the Certificate of Amendment filed in 
the office of the Secretary of State on or about March 8, 1946, the following be 
substituted : 


(a) To advance the arts and sciences of heating, ventilating, cooling and air con- 
ditioning, and the allied arts and sciences, for the benefit of the general public. 

(b) To encourage and conduct scientific research and the study of principles and 
methods in the fields of heating, ventilating, cooling and air conditioning, and the 
allied arts and sciences, the results of which shall be made freely available to the public. 

(c) To promote the unrestricted dissemination of knowledge and information and, 
for such purpose, to publish and to foster the publication of books, periodicals, reports, 
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educational programs and scientific and technical data relating to heating, ventilating, 
cooling and air conditioning, and the allied arts and sciences. 

(d) To engage in educational activities (not including the conduct of any school, 
schools or institutions of learning), and to encourage the adoption and maintenance of 
high standards of instruction and technical and professional training in the fields of 
heating, ventilating, cooling and air conditioning, and the allied arts and sciences. 

(e) To cooperate with governmental agencies and with universities, colleges, schools 
and other organizations and groups having the same or similar objects and purposes, 
and to establish scholarships and make contributions, grants and awards in furtherance 
of the foregoing purposes. 

(f) To assist in the formation of local chapters and student and other branches, 
and to regulate, operate and control the same under the direction and at the pleasure 
of the corporation, but no local chapter or branch shall subject the corporation to 
any financial or other obligation except such as the corporation may voluntariiy assume. 

(g) To receive, acquire, hold and maintain any property, real or personal, without 
limitation as to amount or value, for any of the corporation’s objects, by way of 
bequest, devise, gift, purchase or lease, to invest and reinvest the same, to control 
the income therefrom, and to expend or otherwise dispose of all or any portion of 
its funds and property, including the income, interest or principal. 

(h) To do any and all things necessary or proper in connection with or incidental 
to any of the foregoing. 

(i) This corporation shall be operated exclusively for scientific and educational 
purposes ; no substantial part of the activities of this corporation shall be the carrying 
on of propaganda or otherwise influencing or intending to influence legislation. In 
the event of the dissolution of the corporation, the Council (directors) shall dispose 
of its net assets, in trust, however, to further the purposes expressed herein, without 
preference in favor of any contributor or any member, officer or director of the 
corporation. 


As there was no discussion of the motion, the vote was taken, and the motion 
was adopted unanimously. (In addition to the members present, 13 proxies were 
voted in favor of the amendments. ) 

President Stacey then said that the second item of business would be con- 
sidered, namely, the submission of the proposed By-Laws to the membership 
with any changes made at this meeting to be submitted for ratification at the 
56th Annual Meeting in January, 1950. 

President Stacey said that about 2 vears ago, Council had requested the 
Constitution and By-Laws Committee to revise and streamline our Constitu- 
tion, By-Laws, Rules and Regulations, and bring them in line with present 
practice and operation of the Society giving due consideration to resolutions 
passed by Council, reports of Officers and various Committee recommendations. 
Legal counsel was retained to review the work with the Committee so as to 
meet all legal requirements of our Charter. 

When the Committee completed its work, its report was sent to Council for 
discussion at its meeting in Baltimore, October 16 and 17, 1949, accompanied by 
the comments of the Committee. 

The Council spent nearly 2 days analyzing the report, article by article, and 
it recommended some changes. 


On motion of Mr. Blankin seconded by Mr. Szekely, 


It Was Vortep to have the Secretary read the memorandum of the Constitution 
and By-Laws Committee, which summarized the changes coatained in the report. 
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This was done by the Secretary. 

C. F. Boester, Lafayette, Ind., stated that he wanted to make it a matter of 
record as to whether or not they had the opportunity to review it and whether 
or not they had the privilege of voting and determining whether or not they 
are in complete agreement as to the changes made by the Council at the Balti- 
more meeting. 

In reply to a question by R. H. Carpenter, New York, N. Y., as to why the 
word, Constitution, was omitted from the new document, it was explained that 
under the Membership Corporation law of the State of New York, all Rules, 
Regulations, Constitutions are regarded as By-Laws. 

L. N. Hunter, Johnstown, Pa., pointed out that it was his feeling that it was 
not advisable to change the present method of handling research payments and 
he thought the phrase, or authored, in Article VII, Section 3 (h), should be 
eliminated. He questioned the need for haste in adopting these proposed By-Laws. 

In answer, it was pointed out that the Certificate of Incorporation was the 
essential part, but the adoption of the new By-Laws would eliminate a tre- 
mendous amount of detail and duplication which makes for confusion. The only 
substantial change was in the centralizing of finances. Article VII, Section 3 
(h), paragraph 6, concerning disbursement of research funds, was the result of 
conferences among the Council, the Director of Research, the accountant and 
the Secretary. It was deemed to be the most practical solution. 

Cyril Tasker felt that there was room for discussion as to interpretation of 
some of the Rules promulgated in the new By-Laws. He wanted more time for 
study and added that he had changed his mind concerning the adoption of 
Article VII, Section 5 (h) concerning the disbursement of funds for research. 

Mr. Flink questioned the all-inclusiveness of the section dealing with formulae, 
discoveries, inventions, etc., of employees of the Society being property of the 
Society. He felt the sentence as written even included inventions outside of 
Society interests. He desired the insertion of words, matter which shall be of 
interest to the Society. 

L. E. Seeley pointed out that the courts would never permit the Society to 
overreach itself. Legal counsel stated that the inclusion of limiting phrases on 
inventions were not necessary because the Charter and By-Laws of which this 
sentence is a part indicate the particular field in which the Society is engaged. 
Mr. Tasker asked whether this clause covered employees not directly engaged 
in research. The answer was, This clause affects only research employment. 

On motion of Mr, Hunter, seconded by Mr. Blankin, 


It Was Votep THat the words or authored be omitted from Article VII, Section 5 
(h), paragraph 6. 


In response to a member’s question, President Stacey said that this meeting 
was not to pass these By-Laws but only to vote on their submission to the 
Annual Meeting, and all members would receive copies of the proposed By-Laws 
as amended here to study in advance of the Meeting. President Stacey reminded. 
the members that failure to submit these prepared By-Laws to the membership 
would mean another delay with the instituting of the procedure all over again. 
By adopting these new By-Laws, the Society would legally be classified as a 
pure scientific and educational society. Moneys donated or bequeathed the 
Society would be non-taxable gifts. 
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Mr. Blankin reminded the members that the Constitution and By-Laws Com- 
mittee had studied the proposed document for over two years, and the member- 
ship would probably be able to study the proposed document in a period of six 
weeks. Little would be accomplished in a six month period, he went on, and the 
Society would be a year further behind in the adoption of the By-Laws. 

Mr. Boester urged immediate action. He pointed out that although there 
were points of disagreement on the wording of the By-Laws, that there had 
been sufficient study by those competent to study the document, and he proposed 
voting for it, and overlooking some of the minor objections. 

A. A. Bearman said that there was provision for Amendment if the necessity 
for it arose and Mr. Blankin added that this meeting was not adopting the 
By-Laws, but only debating the submission of them to the Annual Meeting. It 
was the opinion of President Stacey that, a great deal of the work of our 
organization has to be done by Committees, because that is the only way we can 
carry on Society business. 

Mr. Blankin’s view was that a rejection now would mean another year’s 
delay and he expressed doubt that many members would study the By-Laws. 
Mr. Blankin called for the question and 


Ir Was Votep Tuat the proposed By-Laws with changes approved at this Special 
Meeting be submitted to the members for action at the Annual Meeting in Dallas, 
January 23-26, 1950. 


R. H. Carpenter suggested that the Secretary when mailing the meeting 
notice and a copy of the proposed By-Laws to the members, enclose an explana- 
tory letter indicating the reason for the short notice. He desired that the mem- 
bership be made to realize the importance of not having another year pass 
before adoption of these By-Laws. 

President Stacey approved the suggestion and Mr. Boester as chairman of 
the Chapter Relations Committee promised to bring these proposed By-Laws 
to the attention of the Chapter officers and urge them to bring them up in 
their Chapter meetings for discussion before the Annual Meeting. 

On motion of Mr. Boester, seconded by Mr. Carpenter, 


Ir Was Votep THAT the meeting be adjourned at 7:15 p.m. 
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CHARTER 


Provisions of 
CERTIFICATE OF INCORPORATION 
of 


THE AMERICAN SOCIETY OF HEATING AND 
VENTILATING ENGINEERS 


(As filed on January 24, 1895 and amended by Certificates of Amendment 
filed on or about May 20, 1914, March 8, 1946 and December 7, 1949) 


1. The corporate name of the Society is to be known as THE AMERICAN 
Society oF HEATING AND VENTILATING ENGINEERS. 


2. The certificate of incorporation was filed in the office of the Secretary of 
State on or about January 24, 1895. Amended certificates of incorporation were 
filed in the office of the Secretary of State on or about May 20, 1914, March 
8, 1946 and December 7, 1949. 


3. The number of directors shall be not less than thirteen (13) nor more than 
twenty-one (21). The Board of Directors shall be styled “The Council.” 


4. The purposes for which this corporation is organized are: 


(a) To advance the arts and sciences of heating, ventilating, cooling and air condi- 
tioning, and the allied arts and sciences, for the benefit of the general public. 


(b) To encourage and conduct scientific research and the study of principles and 
methods in the fields of heating, ventilating, cooling and air conditioning, and the 
allied arts and sciences, the results of which shall be made freely available to the public. 


(c) To promote the unrestricted dissemination of knowledge and information and, 
for such purpose, to publish and to foster the publication of books, periodicals, reports, 
educational programs and scientific and technical data relating to heating, ventilating, 
cooling and air conditioning, and the allied arts and sciences. 


(d) To engage in educational activities (not including the conduct of any school, 
schools or institutions of learning), and to encourage the adoption and maintenance 
of high standards of instruction and technical and professional training in the fields 
of heating, ventilating, cooling and air conditioning, and the allied arts and sciences. 


Adopted at a Special Meeting of THe American Society or HeatinG aND VENTILATING ENGINEERS 
held in New York, N. Y., November 21, 1949. 


489 


f 
2 


490 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


(e) To cooperate with governmental agencies and with universities, colleges, 
schools and other organizations and groups having the same or similar objects and 
purposes, aad to establish scholarships and make contributions, grants and awards in 
furtherance of the foregoing purposes. 


(f) To assist in the formation of local chapters and student and other branches, and 
to regulate, operate and control the same under the direction and at the pleasure of 
the corporation, but no local chapter or branch shall subject the corporation to any 
financial or other obligation except such as the corporation may voluntarily assume. 


(9g) To receive, acquire, hold and maintain any property, real or personal, without 
limitation as to amount or value, for any of the corporation’s objects, by way of 
bequest, devise, gift, purchase or lease, to invest and reinvest the same, to control the 
income therefrom, and to expend or otherwise dispose of all or any portion of its 
funds and property, including the income, interest or principal. 


(h) To do any and all things necessary or proper in connection with or incidental 
to any of the foregoing. 


(i) This corporation shall be operated exclusively for scientific and educational 
purposes ; no substantial part of the activities of this corporation shall be the carrying 
on of propaganda or otherwise influencing or intending to influence legislation; in 
the event of the dissolution of the corporation, the Council (directors) shall dispose 
of its net assets, in trust, however, to further the purposes expressed herein, with- 
out preference in favor of any contributor or any member, officer or director of 
the corporation. 


5. The principal place of business or office of said Society is to be in the 
City and County of New York. 


(a) The territory in which the corporation’s operations are principally to be con- 
ducted is in all parts of the United States and its possessions and in the Dominion 
of Canada, but the corporation may on occasions extend its operations to other parts 
of the world. 


(b) No officer, director or member of this corporation shall receive or be lawfully 
entitled to receive any part of the net earnings thereof or any pecuniary profit from 
the operations thereof, except such reasonable compensation for services in effecting 
one or more of its purposes as the Board of Directors may determine. 


(c) Each director of the corporation shall be indemnified by the corporation against 
expenses actually and necessarily incurred by him in connection with the defense of 
any action, suit or proceeding in which he is made a party by reason of his being 
or having been a director of the corporation, except in relation to matters as to 
which he shall be adjudged in such action, suit or proceeding to be liable for willful 
negligence, misfeasance or misconduct in the performance of his duties as director; 
such right of indemnification shall not be deemed exclusive of any other right to 
which he may be entitled under any by-law, agreement, vote or otherwise. 


In Memoriam 1949 


NAME 

Joseph C. Albright, Baltimore, Md. 

George W. Barr (Life Member), Philadelphia, Pa. 
John Bauer, Plattsmouth, Nebr. 

Henry A. Baxter, Toronto, Ont., Canada 

J. Herbert Bekeshus, Troy, N. Y. 

Louis H. Bergeron, Toronto, Ont., Canada 
Frederick R. Bishop, Detroit, Mich. 

Edward J. Calnan, St. Catherines, Ont., Canada 
Albert A. Criqui (Life Member), Buffalo, N. Y. 
Alfred J. Edge, San Mateo, Calif. 

Meryl V. Eicholtz, Milwaukee, Wis. 

Gosta E. Ekholm, Stockholm, Sweden 

Harry W. Ellis (Life Member), Milwaukee, Wis. 
W. R. Etie, Houston, Tex. 

Edward J. Farrell, Detroit, Mich. 

Wilbur R. Fitch, Belmont, Mass. 

John J. Foley, Toronto, Ont., Canada 

Michael H. Gornston (Life \/ember), Forest Hills, N. Y. 
William Z. Harrison, Salt Lake City, Utah 

A. J. Harton, St. Joseph, Mo. 

Harland B. Hinckley, Chicago, III. 


William T. Hopson (Life Member), New London, Conn. 


John Howatt (Life Member and Presidential Member), 
Chicago, III. 

Vernon E. Hupp, Chicago, III. 

John A. Larkin, New Haven, Conn. 

John J. Lawlor, Toronto, Ont., Canada 

Thomas E. McGrail, Ottawa, Ont., Canada 

Carle J. Merrill (Life Member), Portland, Me. 

Walter A. Mertz, Chicago, Ill. 

James M. Muckle, Hong Kong, China 

Louis S. Murphy, Jr., Chevy Chase, Md. 

Andrew G. O’Rear, Los Angeles, Calif. 

Edwin J. Ostermeier, Chicago, Ill. 

Rudolf Pollack, New York, N. Y. 

B. F. Raber, Berkeley, Calif. 

Noah M. Simmons, Indianapolis, Ind. 

Howard R. Stevens, Reno, Nev. 

Sherman W. Strouse, Buffalo, N. Y. 

James Terry, Detroit, Mich. 

Herbert G. Thomas, Chicago, III. 

George J. Wallace, Elmhurst, N. Y. 

W. A. Weber, Minneapolis, Minn. 

J. Walter Williams* (Life Member), Ithaca, N. Y. 


*Died in 1948 but Society notified in 1949. 


JoINnED 
1946 
1905 
1946 
1944 
1945 
1949 
1921 
1941 
1919 
1938 
1942 
1949 
1909 
1943 
1943 
1945 
1938 
1923 
1944 
1935 
1934 
1915 


1915 
1949 
1947 
1935 
1926 
1919 
1919 
1939 
1949 
1930 
1945 
1937 
1937 
1944 
1941 
1949 
1948 
1917 
1923 
1947 
1915 
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Joun Howat, Chicago, III. 
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John Howatt 
October 22, 1880—October 22, 1949 


John Howatt, who became a Life Member of the Society in 1945 and served 
as president of the Society in 1935, died on October 22, after an illness of several 
months. His passing is mourned by his many friends in the Society and by 
his associates in the City of Chicago, where he served the past 36 years as 
chief engineer of the Board of Education and also as its business manager for 
the last five years. 

The Officers and Council feel keenly the loss of a loyal and active member 
who was ever ready to serve, a splendid engineer, and a sincere friend. 

Mr. Howatt was born in Banff, Scotland, in 1880, and received his university 
education in the United States, graduating from the University of Minnesota 
in 1904. His career in engineering began with shop experience at the Westing- 
house Electric and Manufacturing Co., East Pittsburgh, and later he joined 
the U. S. Navy Department in Seattle, Wash. Subsequently he became an 
engineering inspector of mechanical and electrical equipment for the U. S. 
Treasury Department. For a brief time he was a consulting and contracting 
engineer in Seattle. 

From 1913 until his death he was chief engineer of the Board of Education 
and supervised the design, installation, and operation of mechanical and elec- 
trical equipment in Chicago public schools. 

A member of the Society since 1915, Mr. Howatt had been very active in 
its affairs, both local and national. He served on many Society committees 
such as: the Committee on Schoolhouse Standards; Committee on Constitution 
and By-Laws; Committee on Engineering and Its Relation to Public Health; 
Committee on Relation of Body Changes to Air Changes; F. Paul Anderson 
Award Committee; A.S.H.V.E.-A.S.R.E. Committee on National Standards 
for Air Conditioning Applications; Chairman of Exposition Advisory Com- 
mittee; Guide Publication Committee; Chairman of TAC on Air Flow through 
Registers and Grilles; Committee on Chapter Relationship; Committee on 
Standards of Ventilation; Committee to Cooperate with Rochester School Board. 
He became a member of Council in 1927 and served on its Executive, Member- 
ship, Finance, and Meetings Committees, and on the Advisory Board. He also 
served as First Vice President and Second Vice President. In 1920 he was 
President of the Illinois Chapter and was an active worker until his death. 

Mr. Howatt wrote extensively on engineering and philosophical subjects and 
was on the board of consulting and contributing editors of Heating, Piping & 
Air Conditioning for the past 20 years. 

He was affectionately known to his associates as “Chief,” was always ready 
and willing to be helpful to his fellowman and will long be remembered for his 
great interest in the advancement of his profession, the unselfish service he 
rendered to the Society and in civic affairs. 

A fitting milestone in his service to the Society was the occasion of the 
55th Annual Meeting in Chicago in January 1949 when he served as an honorary 
chairman of the Committee on Arrangements and as toastmaster at the banquet. 
His legion of friends in the Society and in other fields of activity will miss 
his genial presence and his keen sense of humor. 

Mr. Howatt is survived by his wife, Della, his son, Gordon, his grandchildren, 
John and Patricia, his brother, William, and his sister, Mrs. Isabel Coulter. 
Interment was at Lake City, Minn., on Wednesday, October 26. 
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